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CHAPTER I
INTRODUCTION
Background and Significance
Ticks are obligate blood sucking arthropods that transmit a wide variety
of pathogens. These pathogens, including viruses, rickettsiae, spirochetes,
bacteria, fungi, protozoa and filarial nematodes, cause several life threatening
diseases to livestock and humans (Hoskins, 1991).
There are 825 species of ticks that fall into two major families. Ixodidae,
with 650 species, are also called hard ticks because of the hardened dorsal
scutum. Argasidae, with 170 species, are referred to as soft ticks because they
lack this hard cover (Hoskins, 1991). All ixodid ticks have four developmental
stages: embryo, larva, nymph and adult (Hoskins, 1991).
The ixodid tick Amblyomma americanum (1.), commonly known as the lone
star tick because of the silver spot on its scutum, transmits pathogens that cause
Tremia coxiella infection (Q fever) and babesiosis in the central and southeastern
regions of the United States, Mexico, Central and South America (Hoskins, 1991).
A. americanum has a three-host life cycle and the host range includes livestock,
dogs, deer, humans and birds. This multi-host feature increases the chances of
dissemination of pathogens between hosts and ticks and among hosts.
A. americanum feeds slowly in both immature and adult stages. Larvae
and nymphs feed for 3-5 days while adult females feed for 9-14 days and imbibe
a large quantity of blood. The ratio of fed to unfed body weight at repletion may
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exceed 100 in adult females and the reproductive potential is high enough to
produce thousands of eggs following a single blood meal (Hair and Bowman,
1986; Hoskins, 1991). An important step in controlling ticks and tick-borne
diseases is uncovering the basic molecular mechanisms that govern tick
development, feeding and reproduction. .
Steroid Hormone Action
Steroid hormones are a large class of lipid-soluble hormones that regulate
complex events in development, differentiation and in physiological responses in
both vertebrates and invertebrates (Voet and Voet, 1990). In mammals, the
major steroid hormones are the adrenocortical hormones, the sex hormones
(androgens and estrogens) and vitamin D-derived hormones (Lehninger et a1.,
1993). In arthropods, the principal steroid hormones are ecdysteroids. Ecdysone
and 20-0H ecdysone are the best characterized ecdysteroids in ticks (Sonenshine,
1991).
In insects, the natural sources of ecdysteroids have been found in
prothoracic or corresponding glands in immature stages (Chino et al., 1974; King
et a1., 1974; Rees, 1985). However, in the immature stages of some
holometabolous insects where the prothoracic glands degenerate before the
pupal!adult ecdysteroid peak, the epidermis and oenocytes may be the
alternative sources of ecdysteroid synthesis (Dai and Gilbert, 1991; Delbecque et
a1., 1986; Sakurai et a1., 1991). In the adult stages of most insects except
Apterygota, where the prothoracic glands are absent, the ovary, the epidermis
and possibly oenocytes are sources of ecdysteroid synthesis (Delbecque et al.,
1990; KooIman, 1990).
A number of tissues have been proposed as sites for ecdysteroid synthesis
in ticks. In the argasid tick Ornithodoros parkeri , the epidermis has been found to
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be the main source of ecdysone synthesis and the fat body the ite for ,conversion
of ecdysone to 20-0H ecdysone (Zhu et aI., 1991). Ecdysteroid synthe is has aIso
been demonstrated inwhole integumental tissue (epidermis and fat body
included) in the ixodid tick Amblyomma hebraeum (Lomas et aI., 1997), suggesting
that ecdysteroid synthesis occurs in analogous tissues in both argasid and ixodid
ticks. Since both prothoracic glands and epidermis originate from ectoderm, this
may reflect an evolutionary division between primitive arthropods, where the
epidermis serves both as a source and target of ecdysteroids, and more advanced
arthropods, where the epidermal tissue responsible for producing ecdysteroids
has specialized into a gland.
The prothoacicotropic hormone (PITH) is secreted by the corpora cardiaca
and stimulates the production of ecdysone in the prothoracic glands in insects.
This is similar to vertebrates, where adrenocorticotropic hormone (ACTH)
triggers the adrenal cortical steroidogenesis. However, ticks lack the classical
neuroendocrine and endocrine structures of insects: the corpora cardiaca,
corpora allata and prothoracic glands. The central nervous system is condensed
into a periesophageal synganglion. There has been evidence that implies the
existence of a neuropeptide produced by the synganglion that stimulates
integumental tissue ecdysteroidogenesis in A. hebraeum (Lomas et al., 1997).
Other presumed neuropeptides in the synganglion are proposed to regulate
diapause and vitellogenesis in various ixodid and argasid ticks (Joffe, 1964;
Khalil, 1976; Oliver et al., 1984; Sonnenshine, 1991; Schriefer, 1991). Thus, the
brain-prothoracic gland axis of insects might be analogous to the vertebrate
pituitary-adrenal axis and tick synganglion-epidermis axis.
The action of ecdysteroids in insects is best known for controlling the
processes of molting and metamorphosis. The molting process consists of
generation of a new exoskeleton and separation (apolysis) and loss (ecdysis) of
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the old one. During metamorphosis, ecdysteroids induce imaginal ti sues to
generate adult structures and larval tissues to undergo apoptosis Giang et al.,
1997). In the tobacco hornworm Manduca sexta, ecdysteroids stimulate both
larval-larval and larval-pupal molts (Bollenbacher et al., 1981). In Drosophila
melanogaster, molts of the first and second larval instars are triggered by a pulse
of ecdysone. A higher titer ecdysone pulse at the end of third larval instar
triggers metamorphosis (Nijhout, 1994). In both processes, ecdysteroid titers
show a temporal pattern that corresponds to physiological and morphological
changes. Ecdysteroids have also been shown to stimulate ovarian and embryonic
development in some insects (Bollenbacher et al., 1978; Bulliere et al., 1979). In
dipterans, ecdysteroids control puffing of polytene chromosomes, the
morphological manifestation of transcription (Ashburner et al., 1974).
Steroid Hormone Receptors
All steroid hormones share a common mode of action. The lipid-soluble
steroid hormones readily pass through the plasma membrane of target cells by
passive diffusion. They either bind to their specific receptors in the cytosol and
then are translocated to the nucleus or they enter the nucleus directly and bind to
their receptors. Upon hormone binding, the receptor undergoes a
conformational change to facilitate DNA binding and the hormone-receptor
complex binds to hormone response elements (HREs) in target genes which
either activates or represses gene transcription (Voet and Voet, 1990).
The steroid hormone receptors belong to a superfamily of nuclear
receptors that encode transcription factors, many of which are ligand-activated.
Most of the nuclear receptors share a highly conserved structure that consists of
six functional domains (Figure 1). The amino- terminal domain (AlB domain),
which is involved in the transcriptional activation, varies in length and amino
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acid composition. The central DNA binding domain (C domain), which consi t
of 66-68 amino acids, is the most conserved domain among steroid receptors.
Twenty out of 66-68 amino acids are invariant. Among the invariant residues,
eight cysteine residues fold into two "zinc finger" motifs, in which four cysteines
are coordinated with a zinc atom. The proximal (P) box in the .first zinc finger
determines the DNA binding site specificity and distal (D) box in the second zinc
finger determines half-site spacing specificity (Umesono and Evans, 1989). The
ligand binding domain (E domain) binds the ligand and participates in
dimerization, nuclear translocation and hormone-dependent transcriptional
activation. Within the ligand binding domain, a set of nine conserved
hydrophobic heptad repeats is proposed to form the dimerization interface
between receptor monomers. Another highly conserved structure, a
hydrophobic cavity consisting of two ~-strandsand two-three a-helices, is
proposed to form the ligand binding pocket (Bourguet et al., 1995; Renaud et al.,
1995; Wagner et al., 1995). Domain D provides a hinge between the DNA and
ligand binding domain. In the thyroid-hormone and retinoic-acid receptors, the
hinge region also contributes to ligand-independent repression (Baniahmad,
1993; Baniahmad, 1995). The function of the carboxy-terminal domain F, which is
absent in some members, is unknown (Evans, 1988).
Within the nuclear receptor superfamily, there are six subfamilies: (i) a
large one containing the thyroid hormone receptors (TRs), retinoic acid receptors
(RARs), peroxisome proliferator-activated receptors (PPARs), vitamin D
receptors (VDRs) and ecdysone receptors (EcRs) as well as numerous orphan
receptors; (ii) one containing retinoid X receptors (R.XRs) and some orphan
receptors; (iii) one containing steroid receptors (SRs); (iv) one containing the
NGFIB orphan receptors; (v) one containing FTZ-F1 orphan receptors; and (vi)
one containing the GCNF1 orphan receptor (Laudet, 1997) (Figure 2).
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Among the members of the nuclear receptor superfamily, RXR is a unique
member that appears to be a pleiotropic regulator of hormone response
pathways in both vertebrates and invertebrates (Mangelsdorf and Evans, 1995).
In contrast to steroid hormone receptors, which function as homodimers, RXR
pairs with other nuclear receptors to form heterodimers. In vertebrates, it pairs
with RAR, TR, VDR and PPAR as a silent partner that does not bind ligand. It
can also form homodimers that bind 9 cis-retinoic acid (Mangelsdorf and Evans,
1995). In addition, it pairs with LXR, a novel member of the nuclear receptor
superfamily, to form a RXR/LXR heterodimer which can be activated by the RXR
ligand (9 cis-retinoic acid) (Willy et a1., 1995), the LXR ligand (oxysterols), or both
ligands together (Janowski et a1., 1996).
Vertebrate RXRs are encoded by a multigene family and three RXR
subtypes have been found to encode three distinct receptors: RXRu, RXR~ and
RXRy (Mangelsdorf et aI., 1992). Furthermore, RXRB and RXRy RNAs both
encode two isoforms (Liu and Linney, 1993; Fleishhauer et aI., 1992; Nagata et a1.,
1994). The three RXR genes show both unique and overlapping patterns of
expression corresponding to different stages of development and different
tissues (Mangelsdorf et a1., 1992; Mangelsdorf et aI., 1990). Thus, the interaction
of multiple RXRs with a wide variety of other nuclear receptors largely expands
RXR regulated pathways.
Although it is a steroid receptor, EcR does not belong to the steroid
receptor subfamily (iii). Instead, EcR belongs to the nuclear receptor subfamily i,
in which most members function as RXR heterodimers (see Figure 2). Vertebrate
steroid receptors, when activated by ligand, bind to DNA as homodimers to
activate transcription of target genes (Beato et a1., 1995). In contrast, the
ecdysone receptor alone does not appear to bind 20-0H ecdysone or its target
ecdysone response elements (EcREs) with high affinity. Instead, functional
6
ecdysone receptors are heterodimers of EcR and ultraspiracle (USP), the insect
homologue of RXR (Thomas et al., 1993; Yao et al., 1993). Therefore, invertebrate
EcRs are not typical steroid receptors, but more closely resemble vertebrate RXR
heterodimeric receptors.
To regulate gene expression, the nuclear receptor-ligand complex has to
bind specific DNA sequences in target genes, which are defined as hormone
response elements (HREs). Typically, HREs for nuclear receptors are composed
of one or two copies of a six nucleotide motif, termed a half-site (Evans, 1988).
The binding specificity of HREs to receptors is determined not only by the half-
site sequence, but also by the half site orientation and by the spacing between the
two half-sites. The HREs for the members of steroid receptor subfamily, such as
glucocorticoid response elements (GREs) and estrogen response elements (EREs),
are oriented as inverted repeats spaced by 3 nucleotides (IR3) «(Martinez et al.,
1987). The HREs for some members of the nonsteroid receptor subfamilies that
pair with PXR, such as PPAR, VDR and LXR, are oriented as direct repeats
(AGGTCA) separated by 1-5 nucleotides (designated as DR1, DR2, DR3, DR4 and
DRS) (for reviews, see Giguere, 1994; Mangelsdorf et al., 1995; Willy et al., 1995).
The HREs for RAR and TR are more divergent and can be composed of a single
half-site, direct repeats and inverted repeats depending on target genes (for
reviews, see Martinez et al., 1987; Giguere, 1994; Mangelsdorf et al., 1994;
Mangelsdorf et al., 1995). The HREs for RXRs can be either direct repeats with a
single nucleotide spacer (DR1) or inverted repeats without a space (IRO) (for
review, see Mangelsdorf et al., 1995).
Similar to TR and RAR, ecdysone receptors are proposed to bind both
classical steroid receptor elements (IR) and RXR heterodimeric-like response
elements (DR). In gel shift assays, using fat body nuclear extracts from the third
larval instar of Drosophila (EcR-EcRE complexes), Antoniewski, et al (1993) has
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shown that ecdysone receptor could bind the inverted repeats with a 1 bp
spacing (IR1): PuG(G/T)T(C/G)A(N)TG(C/A)(C/A)(C/T)Py (Antoniewski et al., 1993).
In in vitro co-transfection assays of EcR-B1 and USP cDNAs, D'Avino, et al (1995)
has also shown that EcR or USP alone or together could bind a subset of IRIs. In
addition, they also showed that EcR/USP and USP can bind a DR3 as well.
Therefore, like vertebrate RXR heterodimers, ecdysone receptors may bind a
variety of DNA targets with varying affinities.
Ecdysone Action in Insects
Ecdysteroids, through corresponding ecdysone receptors, trigger many
biological processes throughout arthropod life, including embryonic
development (Bollenbacher et al., 1978; Bulliere et al., 1979), molting
(Bollenbacher et al., 1981), metamorphosis (Nijhout, 1994) and ovarian
development (Bollenbacher et aL, 1978; Bulliere et al., 1979). In Drosophila, two
significant pulses of ecdysteroids have been observed. One is the commitment
peak that occurs at the end of third instar larval development and triggers
puparium formation (Richards, 1981) and the other is the prepupal peak that
triggers prepupae to pupae transition (Handler, 1982). Several small peaks have
also been observed in the middle of first and second instars and in the early
stages of the third instar (Riddiford, 1993). Accordingly, EcR mRNA expression
in whole animals remains at a very low level during first and second instars, the
early part of the third instar and early adult stages. Intermediate to high levels
of EcR expression are observed during embryogenesis. Maximal levels of EcR
mRNA are expressed at the time of pupal commitment and relatively high levels
in early pupae (Koelle et al., 1991; Talbot et al., 1993). A similar temporal profile
of EcR expression is observed in M. sexta epidermis, which is intermediate
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during larval molts, low during early fifth instar and high at during larval-pupal
transition (Riddiford, 1993).
The first ecdysone receptor (EcR-Bl isoform) was identified by Koelle et
al., (1991) in Drosophila. Later, two additional isoforms encoded by the same EcR
gene (EcR-A isoform and EcR-B2 isoform) were discovered (Talbot et al., 1993).
The three isoforms share complete identity in DNA and ligand-binding domain
but little similarity in the N-terminal region. The EcR-A and two EcR-B rnRNAs
are transcribed from two different promoters; EcR-Bl and EcR-B2 mRNAs are
transcribed from the same promoter but are generated by alternative splicing.
The combination of EcR isoforms expressed in tissues can be grouped
according to metamorphic class: tissues in the same metamorphic class exhibit
similar isoform expression patterns; tissues in different metamorphic classes
exhibit different isoform expression patterns. For example, at the onset of larval-
adult metamorphosis of Drosophila, in response to ecdysone, the EcR-A isoform
predominates in the imaginal discs that generate adult head and thoracic
epithelium and, in imaginal rings that generate adult foregut, hindgut and
salivary glands, and the prothoracic glands which still function at the late
metamorphic stage. In contrast, the EcR-Bl isoform predominates in strictly
larval tissues (except for prothoracic glands) that undergo apoptosis and in the
imaginal cells of the midgut island and histoblast nests that generate adult
abdominal epithelium and midgut (Talbot et al., 1993). The significance of this
phenomenon lies in the proposition that different metamorphic responses of
tissues to ecdysone may be achieved by expression of different combinations of
EcR isoforrns (Talbot et al., 1993). Functional analysis of Drosophila EcR-Bl
mutants has confirmed that EcR isoforms are functionally distinct (Bender et al.,
1997).
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Additional EcR genes have now been cloned from several other insects,
including three Dipterans: Aedes aegypti (AaEcR) (Cho et al., 1995), Chironomus
tentans (CtEcR) (Imhof et al., 1993), Lucilia cuprina (LcEcR) (Hannan and Hill,
1997); three Lepidopterans: Bombyx mori (BmEcR) (Swevers et a1., 1995), Manduca
sexta (MsEcR) (Fujiwara et al., 1995), Choristcmeura fumiferana (CfEcR) (Kothapalli
et al., 1995); and one Coleopteran: Tenebrio moUtor (TmEcR) (Mouillet et al., 1997).
Most of the insect EcRs are homologues of the Drosophila EcR B1 isoform.
However, homologues of the Drosophila EcR-A isoform have also been described
in M. sexta and T. molitor Oindra et al., 1996; Mouillet et al., 1997). When the
predicted amino acid sequences of DmEcR, AaEcR, CtEcR, BmEcR and CfEcR
were compared with the MsEcR (Table I) (Fujiwara et al., 1995), the DNA
binding domains show the highest similarity as expected, from 95-100%.
Slightly less similarity was found in the ligand binding domains (70-88%) and the
least identity in AlB domains with <10 % similarity (Fujiwara et al., 1995).
Thus far, data from several groups suggests that the functional ecdysone
receptor is a heterodimer of EcR and an RXR-like partner. In Drosophila, the
partner of EcR is USP (Thomas et al., 1993; Yao et al., 1992; Yao et al., 1993) , the
product of ultraspiracle locus (Oro et al., 1990). USP is the insect homologue of
the vertebrate receptor RXR, because it shares 86% amino acid identity in the
DNA binding domain and 49% in the ligand binding domain. The observation
that the functional ecdysone receptor is the heterodimer of EcR and USP has also
been confirmed in B. mori (Swevers et al., 1996).
USP homologues have been isolated from the fruit fly Drosophila
(DmUSP), the mosquito A. aegypti (AaUSP), the silkmoth B. mori (BmCF1), and
the tobacco hornworm, M. sexta (MsUSP), Oindra et al., 1997; Kapitskaya et al.,
1996; Tzertzinis et al., 1994). Although AaUSP, BmCFl and MsUSP are more
closely related to DmUSP than to any other vertebrate RXRs (a, ~,y), the
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similarities among the ligand binding domains of insect USPs are lower than that
found among vertebrate RXRs, suggesting high sequence divergence in the
ligand binding domains of insect USPs (Tzertzinis et al., 1994).
While a single USP isoform has been described in Drosophila (Oro et al.,
1992), two USP isoforrns have been described in A. aegypti (Jindra et al., 1997) and
M. sexta (Kapitskaya et al., 1996). The USP isoforms have unique N-termini but
share common DNA and ligand binding domains. Each USP isoform possesses a
unique tissue and temporal expression pattern, suggesting USP isoforms are also
functionally distinct. When examining BmCF1 transcripts in B. mori using
Northern blot analysis, two distinct mRNA fragments were detected in total
RNA from larval, pupal and adult tissues (Tzertzinis et al., 1994). Whether they
are derived from the same BmCF1, with different promoters or from alternative
splicing, or if there is a second RXR-type gene, is not known. However, since
these two transcripts are ubiquitously expressed in larval, pupal and adult, they
may exert multiple functions during development.
Beyond the similarity between vertebrate RXRs and insect USPs, they are
different in several ways. Unlike vertebrate RXRs (a, ~,y) which are encoded by
a multigene family (for review, see Mangelsdorf and Evans, 1995), USP is
encoded by a single gene that can be alternatively spliced to produce isoforrns
with different N-termini (Jindra et al., 1997). Because of the high sequence
divergence in the ligand binding domains of insect USPs relative to vertebrate
RXRs, it has been suggested that insect USPs do not bind a ligand and are true
orphan receptors (Henrich et al., 1994; Thummel, 1995). Vertebrate RXRs, by
contrast, bind 9-cis retinoic acid (9 cis-RA) as homodimers, in addition to their
roles as silent partners in several ligand-driven responses (Mangelsdorf and
Evans, 1995). While RXR can substitute for USP in in vitro assays, the RXR/EcR
heterodimer does not bind 20-0H ecdysone with high affinity, suggesting that
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RXR/EcR and USP lEeR heterodimers exhibit distinct properties (Thomas et al.,
1993).
Ecdysone Action in Ticks
In ticks, ecdysteroids have been proposed to regulate molting, diapause
termination, sex pheromone production, female and male reproduction, salivary
gland degeneration and embryogenesis (Diehl et al., 1986; Sonenshine, 1991).
Among these processes, the roles that ecdysteroids play in molting and salivary
gland degeneration have been well demonstrated (Diehl et al., 1982; Germond et
al., 1982; Kaufman, 1986).
The molting process is stimulated by an increase in the titer of ecdysone in
both argasid and ixodid ticks. In the argasid tick Ornithodoros moubata (Germond
et al., 1982) and the ixodid tick A. hebraeum (Diehl et al., 1982), higher titers of
hemolymph ecdysone and 20-0H ecdysone parallel apolysis and epicuticle
deposition, and declining titers of ecdysone trigger the ecdysis, the end of
molting cycle. Exogenously applied ecdysteroids accelerate the molting of
nymphal camel ticks (Hyalomma dromedarii) nymphs (Khalil et al., 1984).
Salivary gland degeneration is also controlled by ecdysteroids in ticks.
The salivary glands of partially fed A. americanum and A. herbraeum lose
secretory competence when incubated with 20-hydroxyecdysone (Kaufman,
1986; Lindsay and Kaufman, 1988). Kaufman (1991) further identified a direct
correlation between hemolymph ecdysteroid titer and the degree of salivary
gland degradation in A. hebraeum, suggesting that the degeneration of salivary
glands after engorgement is triggered by an elevated concentration of
hemolymph ecdysteroids. A 14-fold increase in hemolymph ecdysteroid titer by
day 7 after engorgement has been correlated with complete loss of salivary gland
fluid secretory competence (Kaufman, 1986; Kaufman, 1991).
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High levels of ecdysteroids have also been observed in ovaries following
engorgement and in newly laid eggs in female ixodid ticks Games et al., 1997;
Kaufman, 1991; Magee et al., 1996). This has led to the proposal that ecdysteroids
may provoke vitellogenesis, and playa role in embryogenesis and/or egg
hatching.
Since ecdysteroids may exert similar physiological control over ticks and
insects, a common biological pathway likely exists for ecdysteroid functions. In
insects, ecdysteroid action is mediated by an ecdysone receptor complex which is
comprised of two receptor subunits, EcR and USP (Thomas et al., 1993; Yao et al.,
1992). Therefore, EcR and USP homologues are likely to exist in ticks and act in a
manner similar to insects. Mao, et al. (1995) provided conclusive evidence for the
existence of an ecdysteroid receptor in tick salivary glands. Using crude salivary
gland extracts, they demonstrated that this receptor has a high affinity for
ponasterone A (kd=0.72 nM) and lower affinity for 20-0H Ecdysone (kd=60 nM),
similar to ecdysteroid receptors in insects. These data suggested that the
ecdysteroid receptor in the tick salivary gland is a typical ecdysteroid receptor.
These data, in combination with the previous work by Kaufman's group, in
which they had demonstrated that ecdysteroids were responsible for triggering
salivary gland degeneration following repletion (Kaufman, 1986; Kaufman, 1991;
Kaufman, 1990), provided strong evidence that ecdysteroids regulate tick
salivary gland degeneration via ecdysone receptors.
Using a combination of RT-PCR and cDNA screening, our laboratory has
isolated cDNAs encoding at least three isoforms of the A. americanum EcR gene
(Guo et al., 1997) (Figure 3). Like Drosophila, the three A. americanum EcR
isoforms (AamEcRAl, AamEcRA2 and AamEcRA3) share common DNA and
ligand binding domains. AamEcRA1 and AamEcRA2 share an additional 66
amino acid region that precedes the common DNA and ligand binding domain.
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The N-termini of AamEcRAl, AamEcRA2 and AamEcRA3, which are 74 amino
acids, 84 amino acids and 24 amino acids, respectively, share little identity.
Unlike insect EcRs, there is no "Bl" isoform equivalent in AamEcR. In addition,
there is no C-terminal F domain in AamEcRs as in insect EcRs (Guo et al., 1997).
The translated sequences of the AamEcRs show a high degree of identity
with insect EcR DNA binding domains (86-88%) and a relatively high degree of
identity with insect EcR ligand binding domains (55-63% ) (Table I). However,
the DNA binding domain of the Coleopteran Tenebrio moliter EcR shows
exceptionally high identity to AamEcR DNA-binding domain, revealing an
unusual evolutionary pattern in insect and chelicerate EcRs. When the DNA
binding domain sequences are compared, two evolutionary groups were found
with Dipteran and Lepidopteran EcRs in one group (over 95% sequence identity)
and AamEcR and TmEcR in the other group (98% sequence identity) (Guo et al.,
1997). The division of two EcR groups is due mainly to the differences in the D
box region, which forms a symmetrical dimerization interface in homodimeric
steroid receptors that bind palindromic response elements (Umesono and Evans,
1989); and an asymmetrical dimerization interface in RXR heterodimers that bind
direct repeat response elements (Mangelsdorf and Evans, 1995). While the
proximal (P) box region, which is responsible for half-site recognition and DNA
binding specificity, is conserved in all EcRs, the differences in the D box region
suggest they may display functional differences with regard to EcRE binding.
Our laboratory has also isolated cDNAs encoding two distinct RXR genes
from A. americanum, which encode full length proteins with unique N-termini
and more conserved DNA and ligand binding domains (95% and 78% identity,
respectively) (Figure 4) (Guo et al., 1998). Although the two RXR-like proteins
share a higher degree of identity with insect USPs than with vertebrate RXR
DNA binding domains (91-95% versus 82-87%), the ligand binding domains are
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strikingly more similar to vertebrate RXRs than to insect USPs (70% versus 37-
50%) and this is also true when both the DNA and ligand-binding domain are
considered (Table II). Thus, we have chosen to use RXR nomenclature to
describe the A. americanum homologues (Guo et al., 1998).
To confirm that AamEcR and AamR.XRs can form functional ecdysteroid
receptors, transient transfection assays were performed in monkey kidney cells
(CV-l). When CV-1 cells were transfected with AamEcRAl, AamRXR1 or
AamRXR2 alone, there was no Significant transcription of the EcRE containing
reporters in response to an ecdysone analogue, muristerone A (MurA).
However, when cells were transfected with AamEcRA1 and AamRXR1 or
AamRXR2 in combination, there was a significant increase in the transcription of
reporter, suggesting AamEcRAl and either AamRXR1 or AamRXR2 form
heterodimeric ecdysteroid receptors that can activate transcription in response to
ecdysteroid ligands (Guo et al., 1998).
Despite the similarity between AamRXRs and vertebrate RXRs, several
unique features are observed in AamRXR1 and AamRXR2 as a result of several
substitutions in the AamRXR LBDs. First, several substitutions occur in positions
in the AamRXR ligand binding domain that are proposed to contact 9-cis retinoic
acid (Figure 5, Panel A) (Wurtz et al., 1996). The transient transfection assays
have shown that AamRXRs do not activate transcription in response to 9-cis
retinoic acid (Guo et al., 1998). However, the replacement of the conserved
glutamic acid in a C-terminal activation function domain (AF-2) to serine in
AamRXR1 and aparagine in AamRXR2 AF-2 (Figure 5, Panel B), may affect
AarnRXR ligand-dependent transactivation ability and thus, AamRXRs may be
obligate heterodimeric partners that lack functional AF-2s (Danielian et al., 1992;
Durand et al., 1994). Last, numerous substitutions occur in helix 9 of AarnRXR1,
which are highly conserved in vertebrate RXRs and insect USPs (Figure 5, Panel
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C). This may change the folding of the AamRXR1 LSD relative to other RXR
proteins. Despite the differences between AamRXRs and vertebrate R.XRs and
insect USPs, AamRXRs retain their basic function: heterodimerizing with
AamEcR to form functional ecdysteroid receptors in ecdysone response
pathways (Guo et al., 1998).
Ecdysone Action in Tick Salivary Glands
In most bloodfeeding arthropods, the bloodmeal provides the necessary
nutrients for growth and development. In ticks, bloodfeeding occurs over an
interval of 3-14 days, depending on the life stage. Ticks feed in alternating cycles
of sucking and salivation. Blood is taken in, concentrated in the gut and excess
fluid is secreted into the host via salivary glands. To maintain the feeding site
over a prolonged feeding period, the salivary glands secrete a number of
biologically active agents, including anti-inflammatory compounds (Chinery and
Ayitey-Smith, 1977), anticoagulants (Ribiero, 1987) and immunosuppressive
agents (Wikel, 1996). These pharmacological molecules are injected into the host
along with the excess fluid. Cement is also secreted to anchor the mouth parts
(Sauer, 1977). As important, the salivary glands maintain water and ion balance
both between and during bloodmeals (Needham and Teet 1986). The salivary
glands also serve as a reservoir for pathogens that are secreted into the host
during salivation (Sonenshine, 1991).
The organization and morphology of ixodid tick salivary glands have
been thoroughly studied by many investigators (Balashov, 1965; Binnington,
1978; Chinery, 1965; Megaw and Beadle, 1979; Meredith and Kaufman, 1973; Till,
1961). The salivary glands of female ticks consist of paired, grape-like clusters,
called acini. There are three types of acini in the salivary glands of female ixodid
ticks: Type I, Type II and Type III acini. Type I acini are agranular acini that
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attach directly to the main salivary duct and lack large secretory granules. In
contrast, both Type II and Type III acini contain granular secretory cells. Type II
acini attach mainly to the secondary ducts, while Type III acini attach to the more
terminal branches of the ducts at the periphery of the gland. Type III acini are
also the most numerous.
Five to nine granular cell types have been reported within Type II and
Type III acini of female ixodid ticks (Balashov, 1965; Binnington, 1978; Chinery,
1965; Fawcett et a1.,1982; Megaw and Beadle, 1979; Meredith and Kaufman, 1973;
Till, 1961). For example, in the study of Boophilus microplus, Binnington (1978)
and Fawcett et a1. (1982), described six granular cell types in Type II acini and
three granular cell types in Type III acini (Table III). However, interpretation of
the number and cell types differed considerably (Birmington, 1978; Megaw and
Beadle, 1979). This may be due to differences in the preparation of tissues,
method of analysis (light microscopy vs. electron microscopy) and stage at which
the salivary glands were assayed.
In a study of type II and III acini on unfed A. americanum using both
electron microscopy and light microscopy, Krolak et a1. (1982) described three
granular cell types in both type II and III acini that were based on morphology
and staining properties: complex granular cells, which are densely stained and
contain compact membrane bound granules; densely stained cells with simple
granular cells, and lightly stained with simple granular (see Table III) (Krolak et
a1.,1982). The densely stained complex granular, and densely stained simple
granular cells are located on either side of the valves and appear to be analogous
to a, d and e cells described by Binnington (1978), which occupy similar
positions. The f cells in B. microplus Type III acini are identical in number and
description to the simple granular cells in A. americanum Type III acini (Krolak et
a1., 1982).
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Although the number and kinds of cells in Type I, II and ill acini of female
ixodid ticks do not change during feeding (Barker et al., 1984; Binnington, 1978),
significant changes in size and cytoplasmic organelle composition have been
observed in all three acini at various feeding stages (Barker et al., 1984;
Binnington, 1978; Fawcett et al., 1986; Krolak et al., 1982; Needham and Coons,
1984). No specific role has been associated with these changes in Type I acini
during feeding. Type I acini are believed to actively absorb water from the
atmosphere during off-host periods to prevent desiccation (McMullen et al., 1976;
Rudolph and Knulle, 1974). The morphological changes in Type II and III acini
during feeding are, in contrast, associated with subsequent functional
transformations. For instance, in the process of enlarging and elongating of the
interstitial cells between the granular cells during the early feeding stage, the
interstitial cells acquire fluid and electrolyte transporting capacity that enable
them to secrete copious saliva back to the host during the rapid feeding stage
(Binnington, 1978; Fawcett et al., 1986). Granular ceUs also undergo
morphological and cytoplasmic changes during feeding. The complex granular
and densely staining simple granular cells described by Krolak, et al. (1982) in A.
americanum, and analogous a, d and e cells described by Binnington (1978) in B.
microplus, are filled with secretory granules in unfed glands and empty their
contents early in feeding. They are likely the cells that secrete cement and other
factors critical to establishing and maintaining host-vector interface during the
early feeding stages Oaworski et al., 1992). Cell type a in B. microplu5 and
analogous complex granular cells in A. americanum, appear to become inactive in
later stages of feeding (Binnington, 1978; Krolak et al., 1982). The f cells in B.
microplus Type III acini and analogous simple granular cells in A. americanum
Type III acini, become active following the onset of feeding and lose most of
their granules by the fast feeding stages (Binnington, 1978; Krolak et al., 1982).
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To date, no functional criteria have been definitively established for salivary
gland cell types. Until products can be directly localized to specific cells, their
roles remain speculative.
Besides obvious morphological and structural differentiation, the RNA
and protein content of the salivary glands of female ixodid ticks increase
drastically during feeding (Shelby et aI., 1987). In A. americanum, the amount of
total cytoplasmic RNA increases from 0.6Ilg/ gland pair in unfed to 5.21lg /
gland pair in replete ticks. The amount of Poly(A)+ mRNA increases from 3.5
ng/ gland pair to 15 ng/ gland pair (S-fold) by the second day of feeding and
reaches a peak of 370 ng/gland pair in rapidly feeding females (body wt>100
mg). The percentage of Poly(A)+ mRNA to total cytoplasmic RNA content also
increases, from 0.54% from unfed to 4.8% in the rapid-feeding phase (body wt >
120 mg). However, upon repletion, the amount of Poly(A)+ rnRNA declines
from 370 ng/gland pair to 280 ng/gland, consistent with the decline in secretory
competence and activity of the salivary glands. The increase of protein content
parallels that of Poly(A)+ mRNA (Shelby et a1., 1987).
During feeding, the salivary glands of adult female ticks undergo
tremendous growth and differentiation, which corresponds with changes in the
complexity of the mRNA population, and in size and content of total cytoplasmic
RNA and protein. Following feeding, the salivary glands undergo degeneration
to provide nutrients for production of thousands of eggs. These changes require
both temporal and cell-specific regulation of developmental programs. This
regulation is likely to be induced, at least in part, by transcription factors such as
the ecdysteroid receptors. In insects, EcR and USP isoforms are functionally
distinct and the interaction with cell and tissue specific factors dictates the
metamorphic response of the tissue (Talbot et a1., 1993). Because the A.
americanum EcR gene encodes three protein isoforms that can partner with two
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distinct RXR proteins, it is our hypothesis that their differential expression result
in temporal and cell-type regulation of salivary gland growth and differentiation.
In addition, they are involved in the histolysis of the salivary glands that occurs
in adult females following feeding. Although there is no direct evidence, by
studying EcR and RXR gene expression in molting ticks and in the salivary
glands and ovaries of adult females, we can also determine if the expression of
EcR isoform and RXR subtype rnRNAs display temporal, tissue-specific and/or
cell-type specific patterns and if their expression patterns are associated with the
different physiological response of tissues.
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CHAPTER II
DEVELOPING AN RT-PCR ASSAY
Introduction
Northern blot analysis (White and Bancroft, 1982), RNase protection
assays (Lynn et al., 1983; Zinn et al., 1983), in situ hybridization, and the Reverse
Transcription-Polymerase Chain Reaction (RT-PCR) (Veres et al., 1987), are
techniques that are conunonly used to detect and quantitate the expression levels
of specific RNAs. In northern blot analysis, the total or Poly(A)+ fraction of RNA
is electrophoresed on a denaturing agarose gel and then transferred to a solid
membrane, which is hybridized with an isotopic or non-isotopic probe
complementary to the sequence of the gene of interest. For rare messenger RNAs
(mRNAs), northern blot analysis requires enrichment of the Poly(A)+ fraction,
and even then rare messages are difficult to detect. Northern blot analysis is
conunonly used to provide information about the number, size and relative
abundance of transcripts. However, it cannot discriminate between products of
highly related genes. It is also the least sensitive RNA detection technique and is
most vulnerable to the effects of RNA degradation (Lader, 1997).
The RNase protection assay uses an antisense RNA probe to hybridize to
complimentary regions of target RNAs. Because hybridization occurs in
solution, it is more efficient than northern blot analysis. Following hybridization,
RNase is used to degrade single stranded regions of RNA that are not protected.
This method allows researchers to discriminate between products of related
genes or between alternatively spliced products of the same gene. The RNase
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protection assay is 10-100 fold more sensitive than northern blot analysis and is
more tolerant of partial RNA degradation (Lader, 1997).
RT-PCR is a method in which the mRNA is first reverse transcribed into
complementary DNA (eDNA), and then is amplified exponentially by PCR using
gene-specific primers. This is the most sensitive RNA detection technique, and
can often detect transcripts present at extremely low levels in tissue or transcripts
from very little starting material (Byrne et a1., 1988; Wang et a1., 1989). RT-PCR is
often the method of choice when assaying expression of multiple targets
simultaneously and/or when the amount of RNA is limiting.
Regardless of the method, quantitating RNA expression levels requires the
use of internal controls to serve as standards to compare the expression levels of
target transcripts. Optimally, the internal standard should be constitutively
expressed and remain at constant level in all tissues. A number of
"housekeeping" genes from vertebrates have been used as endogenous internal
standards, including the B-actin mRNA, which encodes a ubiquitous
cytoskeleton protein (Horikoshi et al., 1992; Kinoshita et a1., 1992), and the
GAPDH mRNA, which encodes glyceraldehyde-3-phosphate-dehydrogenase, a
key enzyme in glycolysis (Diffenbach et a1., 1988; Inghirami et al., 1990).
However, in actuality, these genes are not always expressed at a constant level in
all tissues (Bhatia et a1., 1994; Elder et a1., 1988; Mansur et al., 1993; Siebert and
Fukuda, 1984). Therefore, the researcher must first examine the expression of the
internal standard to determine if a particular standard is suitable for his/her
particular system.
An alternative endogenous internal standard is 285 or 18S ribosomal
RNAs, which are abundant in all cell types and are generally expressed at a
constant level (deLeeuw et a1., 1989; Khan et al., 1992). However, because of their
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abundance (80% of the total RNA), they are not practical to use for most targets,
whose expression levels are much lower.
Exogenous RNA and DNA standards are another option for normalizing
sample-to-sample variations. When using exogenous RNA, a known amount is
added prior to reverse transcription, and serves as a control both for reverse
transcription and peR. Regardless of the tube-to-tube variation, the target and
standard amplify with the same efficiency. Thus, exogenous RNA and DNA can
serve as internal standards. The advantage of exogenous standards over
endogenous standards is that the amount of standard used in quantitation
assays can be manipulated to match the abundance of the transcript being
assayed.
In ticks, as in insects, ecdysteroids regulate development, molting, and
salivary gland degeneration (Diehl et al., 1986; Sonnenshine, 1991). In insects,
there is evidence for differential expression of both EcR and USP isoform mRNAs
during different periods of development (Jindra et al., 1997; Jindra et al., 1996;
Talbot et a1., 1993). Isoform-specific expression of EcR mRNAs correlates with
differential responses of tissues to hormone (i.e. differentiative versus
degenerative). Therefore, we wanted to test the hypothesis that EcR and RXR-
like mRNAs are also differentially expressed in tick tissues.
Northern blot analysis of mRNA isolated from mixed populations of
embryos, larvae and nymphs, as well as salivary glands and ovaries during adult
feeding, has confirmed that there is complex regulation of both AamEcR and
AamRXR expression (Guo et a1., 1997; Guo et al., 1998). However, AamEcRA1
and A3 transcripts are difficult to discriminate by size, and AamEcRA2 is
difficult to detect both in whole animals and in isolated salivary glands.
AamRXR1 and RXR2-specific probes both detect multiple transcripts, which
suggests that each gene encodes multiple RNA isoforms, or that the probes detect
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transcripts from related genes (Guo et al., 1998). For these reasons, we wished to
use another method to assay their expression. RT-PCR was chosen because small
numbers of ticks and tick tissues can be staged and assayed simultaneously for
AamEcR isoform and AamRXR mRNA expression.
Although RT-PCR is an extremely sensitive method to detect RNA
expression, inconsistencies in procedures used to isolate RNA, to synthesize first
strand eDNA and to amplify cDNAs makes it difficult to obtain quantitative
information with RT-PCR. The purity, quality and integrity of RNA are major
sources of variation in RT-PCR because they can affect the efficiency of reverse
transcription. If total RNA is used, contamination with genomic DNA can make
it difficult to assess the amount of initial target. If Poly(A)+ rnRNA is used,
contamination of the Poly(A)+ fraction with cytoplasmic RNAs can introduce
another source of variation. In addition, RNA produced using different RNA
extraction procedures can also vary greatly in quality and affect the yield of
eDNA from reverse transcription. Furthermore, RNA degradation is a source of
variation that can not be detected by spectrophotometry.
Another variable is tube to tube variation in PCR amplification. For
instance, small differences in temperature during the first few cycles of PCR,
which are due to temperature variances across the thermal cycler block and
variances in the thickness of tube walls, can lead significant differences in PCR
product yield (Gilliland et al., 1990).
Another major factor is the plateau effect that usually occurs at the later
thermal cycles. This phenomenon is caused by depletion of the reaction
components, degradation of nucleotides or primers, and accumulation of
inhibitors over time. At later stages, these effects cause the amplification
efficiency to fall and the rate of product accumulation to plateau. Thus, the
product yield will no longer be proportional to the amount of starting transcript.
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Therefore, to provide a more accurate estimate of initial target levels, several
different approaches have been developed that involve using internal controls,
which serve as standards to monitor the variability in RNA quality and quantity,
and in amplification.
The use of an exogenous RNA competitor in competitive RT-PCR (cRT-
PCR) is currently the most sensitive and accurate way to quantitate specific gene
expression since RNA competitors can be used to monitor variability in both
reverse transcription and PCR reactions (Wang et aI., 1989). The construction of a
synthetic RNA standard usually involves in vitro transcription of cloned DNA
templates and quantitation of the RNA standard (Chang et a1., 1993; Wang et a1.,
1989). Because the synthetic RNA must be engineered to contain the flanking
sequences of a specific target genet these procedures are very labor-intensive and
time-consuming. In addition, RNA standards are also susceptible to
degradation.
Exogenous DNA standards are a popular alternative in quantitahon of
gene expression. Exogenous DNA can function as an internal control because it
competes for the same primer set as the target eDNA in the PCR reaction, and
thus, the amplification efficiencies of both remain the same in both exponential
and plateau phases of the PCR reaction. Another advantage of using an
exogenous DNA in competitive PCR is that it is easy to synthesize and handle
(Siebert and Larrick, 1992). The synthesis of a DNA standard requires a two-
round PCR reaction to add specific flanking sequences to the neutral DNA and
quantitation of the PCR product.
As mentioned previously, endogenous standards, such as ~-actin and
GAPDH genes, are most commonly used for RT-PCR (Diffenbach et a1., 1988;
Horikoshi et a1., 1992; Inghirami et a1., 1990; Kinoshita et a1., 1992). In contrast to
mammalian systems, in which a wide variety of internal standards are
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commercially available, few internal controls exist for arthropods. At the time
we initiated this work, no house-keeping genes had been cloned from ixodid
ticks. To test its efficacy as an internal control, our laboratory isolated a
cytoplasmic actin gene from A americanum (Palmer et al., unpublished data).
However, like analogous vertebrate standards, there is stage and tissue-specific
variation in the number and level of transcripts produced from the actin gene
(Guo et al., 1998).
The goal of this study was to examine the expression patterns of AamEcR
and AarnRXR mRNAs in processes that are likely to be regulated by
ecdysteroids. To accomplish this, we designed gene-specific primers to amplify
AamEcR and AamRXR mRNAs. We also designed exogenous DNA standards
with AamEcR and AamRXR-specific primer sites for competitive PCR as well as
actin-specific primers, which served as an endogenous internal standard.
Materials and Methods
Animals and tissues
Adult ticks A. americanu.m, were reared on sheep according to the
methods of Patrick and Hair (1975) at the Oklahoma State University Centralized
Ticking Rearing Facility. Unfed, partially fed and replete adult female ticks were
collected, placed in groups according to body weight or to days followin?;
repletion, as is shown in Table IV. Salivary glands and ovaries were dissected in
4°C tick saline with 20 mM MOPS (TS/MOPS20, pH 7.0) (Needham and Sauer,
1979) and quick frozen in liquid nitrogen. Dissected tissues were stored at -70°C
until needed.
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RNA extraction
RNA was prepared from staged salivary glands and ovaries by a hot
phenol/chloroform RNA extraction procedure, adapted from the procedure
described by Joett, 1986. RNA was extracted from approximately 30 ovaries or
30 pairs of salivary glands from each feeding stage. The tissue was ground to a
fine powder in liquid nitrogen using a mortar and pestle and collected in a 50 ml
polypropylene tube. Ten ml of hot phenol (65°C) saturated with 0.2 M sodium
acetate (pH 5.0) was added to the tube and the tissue was further disrupted with
Brinkman homogenizer. Seven and one-half ml of 0.2 M sodium acetate (pH 5.0)
and 1 ml of 20% SDS were added and the mixture was incubated at 65°C for 5
minutes. After vortexing the solution and cooling it to room temperature, 10 ml
of chloroform was added and the solution was mixed by vortexing and
centrifuged at 14,000 x g for 5 minutes to separate the phases. The lower organic
phase was removed with a pipetter. The chloroform extraction was repeated 2-3
times until the aqueous phase was clear and the interface between the aqueous
and organic phases was minimal. The aqueous phase was then transferred to a
RNase-free centrifuge tube, and precipitated with 2.5 volumes of 100% ethanol at
-20°C overnight. To recover RNA, the precipitated RNA was centrifuged at
10,000 x g for 10 minutes, washed with 70% ethanol, dried in a vacuum
desiccater, and resuspended in DEPC-treated water. RNA concentrations were
estimated by measuring the absorbance at 260 nrn and 280 nm using Beckman
DU-65 Spectrophotometer. Aliquots of 1 Jlg of total RNA, were re-precipitated
with 0.1 volume of 3.0 M sodium acetate (pH 5.2) and 2.5 volumes of 100%
ethanol and stored at -70°C for subsequent RT-PCR reactions.
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Oligonucleotide primer set design
To detect AarnEcR and AamR.XR rnRNAs, gene and isoform-specific
primers were designed based on the sequences of AamEcRA1, AamEcRA2,
AamEcRA3, AamRXR1 and AamRXR2 (Guo et a1., 1997; Guo et a1., 1998). A total
of eighteen oligonucleotide primers were selected using MacVector™ 6.0,
(Oxford Molecular Ltd's Sequence Analysis Software for Macintosh) and OLIGO
4.1 (Molecular Biology Insights). Oligonucleotide primers were synthesized on
an ABI 392 DNA/RNA synthesizer at the Oklahoma State University
Recombinant DNA/Protein Resource Facility. The positions of primers are
shown in Figures 6 and 7, and the primer sequences are listed in Table V.
peR Mimic construction
Primary Mimic DNAs were amplified in a SingleBlockTM thermal cycler
system (ERICOMP, inc.), in a 50 III volume with 10 rnM Tris-HCI (pH 9.0 at
25°C), 50 rnM KCI, 0.1% Triton ®X-100, 1.5 mMMgCh, 200 mM of dNTP mix, 2.5
units Promega Taq DNA polymerase, 200 pmol of forward and reverse Mimic
primers, and 2 ng neutral DNA (Clontech's PCR MIMICTM Construction Kit).
The PCR reactions were performed for five minutes at 94°C, followed by 16
cycles of 94°C for 45 seconds, 60°C for 45 seconds, and 72°C for one and a half
minutes, followed by five minutes at 70°C and two minutes at 30°C.
The products of the first-round PCR reactions were diluted lOa-fold, and 2
III of this diluted DNA was then amplified in a second peR reaction in a 100 III
volume with 10 mM Tris-HCI (pH 9.0 at 25°C), 50 mM KCI, 0.1% Triton ®X-IOO,
1.5 mM MgClz, 200 mM of dNTP mix, 200 pmol of forward and reverse of
AamEcR-common or AamRXR1 specific primers, and 5 units Promega Taq DNA
polymerase. The second-round PCR reactions were performed for five minutes
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at 94°C, followed by 18 cycles of 94°C for 45 seconds, 60°C for 45 seconds, and
72°C for one and a half minutes, followed by five minutes at 70°C and two
minutes at 30°C.
The yield of PCR Mimic was estimated by visual comparison of
electrophoretic bands produced in the PCR reaction to a standard provided in
the PCR MIMICTM Construction Kit (Clontech). Five III of the PCR Mimic was
diluted in 5 III of H20, 1.5 ).ll of 10 x PCR buffer (100 mM Tris-HCl (pH 9.0 at
25°C), 500 mM KCl, 1% Triton @X-100) (Promega) and 2 III of 6 x DNA gel dye.
The diluted PCR Mimic DNA was electrophoresed on a 1% agarose gel along
with three dilutions of a <j>X174/Hae III digested DNA (100 ng/Ill). Following
staining with ethidium bromide (10 Ilg/ml), band intensities of PCR Mimic and
the DNA size marker were visually compared, and the concentration of the PCR
Mimic was calculated based on the amount of the DNA size marker and the
volume of Mimic loaded.
Amplification ofgenomic DNA with peR
Four primer sets that span the AamEcR DNA and ligand binding domains
were used to amplify genomic DNA (Figure 8). PCR reactions were performed
in a 50 III volume with 10 mM Tris-HCI (pH 9.0 at 25°C), 50 mM KCl, 0.1% Triton
®X-100, 1.5 mM MgCl2, 200 mM of dNTP mix, 200 pmol of forward and reverse
primers, 2.5 units Promega Taq DNA polymerase, and 150 ng genomic DNA.
The PCR reactions were performed for three minutes at 94°C, five minutes at
80°C, followed by 30 cycles of 94°C for one minutes, 55°C for one and a half
minute, and 72°C for two minutes, followed by five minutes at 70°C and two
minutes at 30°C. Primer sets that were designed to amplify AamEcR isoform-
specific RNAs (Figure 8), and AamRXRl and AamRXR2 RNA (Figure 7) were
also used to amplify genomic DNA. PCR conditions for AamRXR1 and
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AarnRXR2 were the same as the preceding conditions except the annealing
temperature was 60°C.
To amplify AamEcRAl and AamEcRA2, the Advantage-Ge™ cDNA PCR
Kit (Clontech) was used. One hundred fifty ng of genomic DNAs were amplified
in a 50 I.d volume with 40 mM Tricine-KOH (pH 9.2 at 25C), 15 mM KOAc,3.5
mM Mg(OAc)2, 5% Dimethyl Sulfoxide (DMSO), 3.75 mg/ml Bovine Serum
Albumin (BSA), 0.5 M GC-Melt, 400 pM of dNTP mix, 1 ~/20 ~l RT product, 1
ml of 50 x Advantage KlenTaq Polymerase Mix (Clontech's Advantage-GCTM
cDNA PCR Kit). The PCR reactions were performed for five minutes at 94°C,
followed by 30 cycles of 94°C for one minutes, and 68°C for three minutes,
followed by five minutes at 68°C and two minutes at 20°C.
RT-PCR assays
Prior to reverse transcription, total RNA was treated with DNase I to
eliminate DNA contamination. One)lg of total RNA was incubated at room
temperature for 15 minutes, with 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 2 mM
MgCl2, and 10 units of GIBCO-BRL DNase I in DEPC-treated water. One ~l of 25
mM EDTA was added and the reaction is incubated at 65°C for 15 minutes to
heat inactivate the residual DNase I. The treated RNA was then subjected to
reverse transcription.
Reverse Transcription reactions were performed using SuperScript™
Preamplification System for first Strand cDNA Synthesis (GrBCO-BRL). The first
strand cDNAs were synthesized from 1 ~g total RNA isolated from staged
salivary glands or ovaries. One ~g of DNase I-treated RNA, 50 ng of random
hexamers, and DEPC-treated water in a total volume of 12 )ll, was incubated at
70°C for 10 minutes, and cooled on ice for 1 minute. The mixture was then
incubated at 25°C for 5 minutes in 20 mM Tris-HCI (pH 8.4),50 mM KCI, 2.5 mM
40
MgCb, 1 mM dNTP mix and 0.01 M DTT. Reverse transcriptase reactions were
performed with 200 units of SuperScript II reverse transcriptase and incubated at
25°C for 10 minutes, followed by incubation at 42°C for 50 minutes. The reaction
was terminated at 70°C for 15 minutes and then chilled on ice. The RNA
templates were destroyed by adding 2 units of RNase H and incubating at 37°C
for 20 minutes.
Competitive PCR reactions were performed using either AamEcR-
common or AamRXRl primers. One j.li of 2 x 10-1 attomoles/l-ll (amo1//1l, amol =
10-18 moles) AamEcR-PCR Mimic DNA or one j.ll of 10-1 amo1/j.ll AamRXR1-PCR
Mimic DNA was added prior to the reaction. PCR reactions were performed in a
100 j.ll volume with 10 mM Tris-HCl (pH 9.0 at 25°C), 50 mM KCl, 0.1% Triton
@X-100,2.5 roM MgC12, 200 mM of dNTP mix, 200 pmol of forward and reverse
AamEcR-common or AamRXR1 primers,S units Promega Taq DNA polymerase,
and 1 /11/20 j.ll of cDNA produced from reverse transcription of salivary glands
or ovarian RNA. The PCR reactions were performed for three minutes at 94°e,
five minutes at BO°e, followed by 30 cycles of 94°C for one minutes, 60°C for one
and a half minute, and 72°C for one minutes, followed by five minutes at 70°C
and two minutes at 30°C.
Amplification of GC -rich regions of AamEcR mRNAs
The first strand cDNA from GC-rich RNAs were amplified using the
following modified PCR condi tions:
(1) PCR with 7-deaza-dGTP. PCR reactions were modified to include a
mix of nucleotides containing both 7-deaza-dGTP and dGTP in a ratio of 3:1. The
PCR reactions were performed in a volume of 100 j.ll with 10 mM Tris-HCl (pH
9.0 at 25°C), 50 mM KCl, 0.1% Triton®X-100, 2.5 mM MgC12, 50mM of dATP,
dTTP and dCTP mix, 12.5 mM dGTP, 37.5 mM 7-deaza-dGTP (Pharmacia
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Biotech), 100 pmol of forward and reverse gene-specific primer,S units Promega
Taq DNA polymerase, and 21.d/20 J.l1 first strand cDNA from reverse
transcription.
(2) PCR with "GC-Melt". The optimal concentration of GC-Melt
(Clontech's Advantage-GCTM eDNA PCR Kit) was titrated using from 0 to 1.5 M
in each PCR reaction. AamEcRA1 and AamEcRA2 cDNAs were amplified in a 50
J..ll volume with 40 mM Tricine-KOH (pH 9.2 at 25°C), 15 mM KOAc, 3.5 mM
Mg(OAc)2, 5% Dimethyl Sulfoxide (DMSO), 3.75 mg/ml Bovine Serum Albumin
(BSA), 0.5 M GC-Melt, 400 pM of dNTP mix, 1 J..ll/20 J.t1 RT product, 1 ml of 50 x
Advantage KlenTaq Polymerase Mix (Clontech's Advantage-GCTM cDNA PCR
Kit). The PCR reactions were performed for five minutes at 94°C, followed by 30
cycles of 94°C for one minutes, and 68°C for two minutes, followed by five
minutes at 68°C and two minutes at 20°C.
Results and Discussion
Primer set design
Total RNA is often contaminated with small amounts of genomic DNA
that can act as a template in RT-PCR. Therefore, oligonucleotide primers are
usually designed to span at least one intron so that products amplified from
genomic DNA can be easily distinguished from those amplified from eDNA. In
cases where the genomic structure is unknown or primers do not span an intron,
samples are either treated with DNase I prior to reverse transcription to remove
DNA or controls lacking reverse transcriptase are included. We designed
oligonucleotide primers (Figure 8) that spanned conserved introns in Drosophila
and Manduca EcR and RXR/USP genes where possible (Fujiwara et al., 1995;
Jindra et al., 1997; Koelle et al., 1991; Oro et al., 1990; Talbot et al., 1993).
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To standardize PCR conditions for all primer sets, we initially designed
primers 20 nucleotides in length with GC contents dose to 50%. Primers were
designed to span 300-1000 bp regions to assure that fragments would amplify
efficiently and that different products could be discriminated by size.
Initially, oligonucleotide primers were designed to span portions of the
AamEcR and AamRXR1 LBDs because we lacked cDNA sequences containing 5'
sequences. These primer sets amplified 623 bp (AamEcR) and 665 bp
(AamRXR1) products of the expected sizes from total RNA. When we tried to
extend the sequences using 5' RACE, we repeatedly failed to amplify portions of
the cDNAs encoding the DBD and amino termini, suggesting that secondary
structure in the mRNAs were terminating reverse transcription. To isolate full
length cDNAs, cDNA libraries were constructed using methyl mercuric
hydroxide, a strong inhibitor of RNA secondary structure. Our laboratory
subsequently isolated AamEcR cDNAs encoding three unique N-termini (Guo et
a1., 1997) as well as RXR cDNAs encoding the N-terminus of AamRXRl, and a
second .RXR gene, AamRXR2 (Guo et a1., 1998). Because of the difficulty
amplifying products spanning the DBD of the AamRXRs, we chose RXR primer
sets spanning the LBDs, which contained multiple introns in most vertebrate
RXR genes (Laudet et a1., 1992).
The 5' regions containing sequences unique to each of the three AamEcR
isoforms are GC rich. The GC content spanning the 5' UT and DBD of
AamEcRA1, AamEcRA2, and AamEcRA3 are 72%, 66%, and 62% respectively.
Therefore, we had difficulty finding primer sets that met our criteria. When the
AamEcRA1 cDNA was amplified using our standard PCR conditions, we
obtained a product that was 1 kb larger than predicted size (561 bp) (Figure 9,
lane 2). Further, we detected no product when we amplified the AamEcRA2
cloned eDNA with primer sets for AamEcRA2 (Figure 15, lane 1). The most
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likely reason for the failure to amplify products of the predicted size is the high
GC content in these regions of the AamEcR mRNAs.
To try to overcome the secondary structure, we adopted PCR conditions
using 7-deaza-dGTP (Innis, 1990). 7-deaza-dGTP is a dGTP analog that can be
incorporated into the DNA sequence but pairs with conventional bases only
weakly. This feature of 7-deaza-dGTP enables it to overcome the secondary
structure problem so that the full length PCR product can be produced. Using 7-
deaza-dGTP, we were able to amplify a PCR product of the correct size using the
cloned AamEcRA2 eDNA but no product was amplified using the cloned
AamEcRA1 eDNA (data not shown). Using these conditions, however, we were
still unable to detect AamEcRA2 mRNA with RT-PCR. Because AamEcRA1 and
AamEcRA2 mRNAs can be detected using Northern blot analysis (Guo et al.,
1997), we suspected that the 7-deaza-dGTP was not able to completely disrupt
secondary structure in the 5' regions of AamEcRA1 and AamEcRA2.
As an alternative, we tried a Advantage-GCTM cDNA PCR kit (Clontech),
which contains a novel reagent "GC-Melt" for amplifying GC-rich RNAs. We
designed longer primers (-30 nucleotides) with annealing temperatures over
70°C to achieve better amplification at the higher temperatures required to
resolve secondary structure, and used a two step PCR program with a 68°C
annealing/extension step (Figure 6 and Table V). Using this kit, we have been
able to reproducibly amplify AamEcRA1 and AamEcRA2 mRNAs, although we
still observe some additional product with AamEcRAl primers (for example, see
Figures 17, 20 and 23).
Genomic structure of AamEcR and AamRXR
Shown in Figure 8 is the putative genomic structure of the AamEcR gene.
Intron positions were indicated by arrows 1-1 (AamEcRA1), 1-2 (AamEcRA2), 1-3
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(AamEcRA3), and 2, 3, 4 were inferred from the AamEcR eDNA structures,
which presumably arise from alternative RNA splicing at these positions.
Putative splice sites 5-8 are based on those detected in D. melanogaster (6, 7, 8)
(Koelle et al., 1991; Talbot et al., 1993) or M. sexta (5,6, 7) (Fujiwara et al., 1995;
Jindra et al., 1997). To determine if splice sites 5-8 were conserved in A.
americanum, we amplified various portions of the AamEcR gene from genomic
DNA using the primer sets indicated in Figure 8. A primer set spanning exon 8
(1421/1791) detected a ~900 bp product (Figure 10, panel A, lane 4), while
another primer set spanning exons 7 and 8 detected a ~3.2 kb product (Figure 10,
panel A, lane 3). The predicted sizes of products lacking introns at these
positions are 229 bp and 331 bp, respectively. We were unable to detect a
product in genomic DNA when a primer set spanning exons 7, 8 and 9
(1792/1791) was used (Figure 10, panel A, lane 2), suggesting that an additional
intron exists at position 6. But the product was too large to be efficiently
amplified. The primer set 1792/1791 amplified a 623 bp product of the predicted
size from RNA by RT-PCR (Figure 10, panel A, lane 1). This primer set was
subsequently chosen to amplify all AamEcR isoforms and is designated
AamEcR-common.
Our results indicate that the AamEcR gene also contains introns at
position 6-8, similar to D. melanogaster and M. sexta. However, a primer set
spanning the DBD (2024/1878) detected a 217 bp product, identical in size to the
cDNA (Figure 10, panel B). Therefore, the intron at position 5 in the DBD,
present in most members of the nuclear receptor superfamily (Laudet et a1., 1992)
is absent in A. americanum. This is similar to D. melanogaster, which also lacks an
intron at that position.
We failed to detect amplification products in genomic DNA with a primer
set (3201/3200) spanning splice site (1-1 + 2) (Figure 10, panel C, lane 2) and a
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primer set (2285/1878) spanning splice site (1-3 + 4 + 5) (Figure la, panel C, lane
6), confirming that there are introns spanning the priming sites of AamEcRAl
and AamEcRA2. Using standard peR conditions and AamEcRA2-specific
primers, which encompass a 428 bp region of the 5' untranslated region and first
exon, we amplified identical products from genomic DNA and reversed
transcribed mRNA (Figure 10, panel C, lane 3 and 4). Therefore, there is no
intron between the primer sites for AamEcRA2.
The genomic organization for murine RXR genes (RXR~ and RXRy)
indicates from 3-5 introns in the LBDs (Liu and Linney, 1993). In contrast, the
Drosophila homologue, USP is intronless (Oro et aL, 1990). When genomic DNA
was amplified with AamR.XR1 or RXR2 primers spanning portions of the ligand
binding domain (see Figure 7), we detected products identical in size to the
cDNAs (Figure la, panel C, lane 8-10), indicating that the A. americanum RXR
LBD apparently also lack introns.
To assure that amplification products were derived from an mRNA
template rather than contaminating genomic DNA, we performed RT-PCR on (1)
samples without DNase I and reverse transcriptase to test for genomic
contamination, (2) samples treated with DNase I but without reverse
transcriptase to test the effectiveness of DNase I treatment, and (3) samples
treated with both DNase I and reverse transcriptase. We used actin primers
(1333/1334) to perform RT-PCR on ovarian RNA isolated from vitellogenic
ovaries (250-500 mg) or ovaries nearing oviposition (>5 days). The 660 bp actin
product was detectable only in samples with reverse transcriptase (Figure 11),
confirming that there is little or no genomic DNA contamination and that PCR
products are produced from eDNA.
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Developing internal standards
We initially isolated a cytoplasmic actin gene to use as an internal
standard in RT-PCR and Northern blot analysis (Palmer et al., unpublished
results). Northern blot analysis and RT-PCR results, however, suggested that the
number and abundance of actin transcripts was not constant. Therefore, actin
would not be a suitable internal standard to measure relative mRNA levels of
AamEcR and AamRXRl targets.
As an alternative, exogenous DNA standards were constructed from a 574
bp BamHI/EcoRI fragment of v-erbB, provided in the PCR MIMICTM
Construction Kit (Clontech), by a two-round PCR reaction, as is shown in Figure
12. In the first PCR reaction, composite primers were used to attach AamEcR or
AamRXR1-specific sequences to the PCR Mimic DNA. The composite primers
for AamEcR conunon region were hybrid primers that contain EcR-common
primer sequences (1792-1791) (sequences shown in Table VI) that flanked a
stretch of 20-nucleotide sequence of the neutral DNA fragment (sequences
shown in Table V). The 20-nucleotide sequences of the neutral DNA were
selected so that the Mimic DNAs differed in size by approximately 100 bp from
target gene transcripts. The hybrid primers contain the EcR-common primer
sequences at their 5' end. The same principle was applied to design the
composite primers for AamRXRl (sequences shown in Table V). In the second
peR reaction, the AamEcR-conunon or AamRXR1-specific primers were used to
amplify the primary PCR reaction products.
We constructed a 426 bp mimic DNA as a competitor for amplifying an
AamEcR-common region (DBD-LBD) product and a 321 bp mimic for amplifying
RXRl-specific ligand binding domain region product. Both Mimics differ in size
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by 200 bp with their target cDNAs so that Mimic and target can be well
separated on agarose gel.
The yield of PCR Mimics were estimated by visual comparison of
electrophoretic bands produced in the PCR reaction to a standard, <l>X174/Hae III-
digest DNA, provided in the PCR MIMICTM Construction Kit (Clontech). The
yield of Mimic for AamEcR-cornmon region was 5.4 x 106 amol/100 J.lI and 4.2 x
106 amol/100 J.ll.
The proper concentration of PCR Mimic for competitive PCR was tested
by co-amplifying a series of ten-fold dilutions of the PCR Mimic DNA (100-10-5
amol/J.ll) with cDNA from salivary glands mRNAs in a competitive PCR reaction
using either AamEcR-common or AarnRXR1 primers. The intensity of the
amplification products electrophoresed on 1% agarose gel was visually
compared to find a concentration of Mimic, where the amplification of Mimic
DNA and target cDNA were comparable, if not identical. After titration of the
Mimic DNA, the optimal concentrations of Mimic for AamEcR-common region
and for AamRXR1 were determined to be 2 x 10 -1 (Figure 13) and 10-] amol/J.ll
(data not shown), respectively.
Examining AamEcR and AamRXRl mRNA expression with RT-PCR
To determine AamEcR-common and AamRXR1 mRNA levels, one Ilg of
total RNA isolated from staged salivary glands was treated with DNase I, and
reverse transcribed into first strand cDNA with random hexamers. Products
were subsequently co-amplified with 1 III of 2 x 10-1 amol/JlI EcR Mimic using
EcR-cornmon primer set (1792-1791), or 1 J.lI of 10-1 amol/J.l1 RXR Mimic using
AarnRXR1 primer set (1511-1595). One-fifth of the competitive PCR reactions
were electrophoresed on an agarose gel and the intensity of the target gene
product and PCR Mimic product were visually compared.
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As shown in Figure 14, when AamEcR and AamRXR1 mRNAs were
amplified in competitive PCR using the Mimic DNAs, the levels of EcR Mimic
and RXR Mimic remained relatively constant in all samples, suggesting that PCR
conditions were uniform. However, the intensity of AamEcR and AamRXR1-
specific bands varied. For example, the expression of AamEcR-common mRNAs
was fairly constant throughout feeding, but was more robust in 50-500 mg stages
of salivary glands. The expression of AamRXR1 mRNAs was notably lower in
20-50 mg and >500 mg stages. However, when competitive peR was repeated
using different aliquots of the same total RNA samples, slight differences in the
ternporallevels of AamEcR mRNAs were observed. The major differences were
in the unfed and replete stages, where in some experiments the mRNA levels
were very low (data not shown). These data suggested that the variability was
due to either the amount of total RNA in each aliquot and/or in the reverse
transcription reactions.
When ovarian cDNAs were amplified (Figure 15), both EcR and RXRl
Mimics were relatively constant, while AamEcR and AamRXR1 mRNAs both
showed stage-specific variation. Both mRNAs appeared to decrease in
abundance during slow feeding (20-50 mg) and again during rapid engorgement
(>250 mg). The level of both mRNAs increased again following repletion in
preparation for oviposition. However, as shown in Figure 15, we obtained an
additional product of approximately 500 bp, when AamEcR-common primers
were used. This, and other products, were also seen when ovarian RNA was
amplified with AamEcRA3 and AamRXR1-specific primers (data not shown).
Because additional bands were not detected in RT-PCR products of sahvary
gland RNAs, we suggest that they might represent incompletely processed RNAs
present in the germline. Alternatively, some may represent products of
alternatively spliced RNAs that do not encode full-length products, such as those
49
detected in AarnEcR and AamRXR screen (Guo et a1., 1997; Guo et al., 1998).
Nevertheless, their presence makes it impossible to provide a quantitative
estimation of target mRNA levels.
Developing a quantitative RT-PCR approach to measure AamEcR and
AamRXR transcripts levels hinged on the ability to develop both gene-specific
primers and internal standards that can be used in concert. Because of the
number of transcripts we wished to assay and technical problems we
encountered, this objective was not met. However, the primary objective of this
study was to use RT-PCR to develop a profile of the relative level and temporal
expression patterns of AamEcR and AamRXR mRNAs. Although actin mRNAs
levels are not constant in all the tissues and stages tested, we decided to include
it as a control for RNA input and to judge the quality of reverse transcription
reactions. For example, if AamEcR and/or AamRXR levels are low in some
stages but actin is not, this likely reflects a true difference in their target levels,
not simply a difference in RNA input or quality. As shown in chapter III Figures
22-24, when actin was amplified from the same cDNA template as AamEcR, it
amplified robustly in all feeding stages except unfed glands. In addition, its level
continued to increase during feeding, consistent with previous Northern blot
analysis results (Guo et al., 1997). When the levels of actin and other targets from
the same stage were compared, we noted tha t differences in the levels between
actin and AamEcR and AamRXR likely reflect true differences in the abundance
ofmRNAs.
As illustrated in chapter three, cDNA from single RT reactions can be used
to simultaneously analyze the expression of AamEcR isoform, AamRXR subtype,
and actin mRNAs. Further, these data can be used in concert to develop an
overall picture of temporal and tissue-specific expression patterns of these genes
during different life stages of A. americanum.
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CHAPTER III
ANALYSIS OF
AamEcR AND AamRXR mRNA EXPRESSION USING RT-PCR
Introduction
The tick life cycle consists of four distinct stages: embryonic, larval,
nymphal, and adult. Bloodfeeding occurs in all but the embryonic stage. For the
ixodid tick, A. americanum, embryogenesis proceeds over approximately 30 days.
In immature stages, the bloodmeal is required to molt to the next stage.
Following the embryonic molt, unfed larvae seek a suitable vertebrate host, feed
for 3-5 days and then drop from the host upon repletion. The replete larvae take
approximately 12-14 days to molt to nymphs. Nymphs also feed for 3-5 days,
but the nymphal to adult molt requires about 30 days to complete (Palmer,
unpublished results).
The molting process is a programmed sequence of events in which a new
cuticle is generated underneath the old one (Nijhout, 1994). The molting process
starts with apolysis: the separation of old cuticle from the epidermis and the
secretion of a molting gel in the space between. Molting gel contains a number of
enzymes that digest the old cuticle and aid in resorption of nutrients used to
build the new cuticle. Apolysis is generally the time where mitosis resumes in
epidermal cells in preparation for depositing a new cuticle.
After a new cuticulin layer is secreted to protect the epidermis from
digestion, the molting gel is activated to digest old endocuticle and the new
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exocuticle is secreted on the epidermis. The time at which the molting gel is
activated varies in arthropods. However, in all arthropods the molting gel is
resorbed shortly before ecdysis and replaced with air, which acts to split the old
cuticle along ecdysial sutures. Ecdysis is the actual shedding of the old cuticle.
After ecdysis, the new exocuticle is tanned and a new endocuticle is deposited.
Ecdysteroids are best known for their roles in the molting process. In
insect models, there is a direct correlation between the profile of ecdysteroid
titers and various physiological and morphological events in the molting process
(Nijhout, 1994). The early rising phase of the ecdysteroid titer corresponds to the
preparatory phase of the molting cycle, which is characterized by DNA and RNA
synthesis in the epidermal cells. The latter rising phase of ecdysteroid peak
corresponds to apolysis. The decline of the ecdysteroid titer to its basal level
initiates ecdysis.
Ecdysteroid titers have also been studied in several ixodid ticks, A.
hebmeum (Diehl et al., 1982), Amblyomma variegatum (Ellis and Obenchain, 1984)
and Dermacentor variabilis (Dees et al., 1984) during their development. In D.
variabilis, ecdysteroids occur in every life stage, and their levels are low in unfed
larvae and nymphs. During the larval stage, the ecdysteroid content increases
sharply during feeding, and continues to increase until the early stages of
molting, where the ecdysteroid titer reaches its peak. The ecdysteroid titer then
declines sharply during the later stages of molting, as in insects. In the nymphal
molt, the ecdysteroid content also increases rapidly during feeding, and peaks
during the early stages of molting. However, the ecdysteroid titer declines only
slightly during the later stages of molting, remaining fairly high until the end of
nymphal molting. The ecdysteroid content is also high in unfed females. This
dearly differs from the insect models where a sharp decline in ecdysteroid titer is
necessary for ecdysis. Because this decline does occur in larval molting, it
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suggests a fundamental difference in the way larval and nymphal molts are
regulated in D. variabilis. A similar 20-0H ecdysone profile is found in A.
variegatum molting nymphs (Ellis and Obenchain, 1984), where the ecdysone titer
increases at the time of apolysis, peaks after the completion of apolysis, declines
slightly but still remains high until ecdysis.
A. hebraeum shows a slightly different ecdysteroid profile during nymphal
molting. 20-0H ecdysone is barely detectable until 16 days after nymphal
feeding, which is half way through molting, but increases rapidly from then on
to a peak on day 23, which is about the time of apolysis, and then declines at the
time of ecdysis as in insects.
The feeding behavior of adult ixodid male and female ticks is very
different. For example, while male A. americanum feed intermittently, taking
small blood meals and mating, females feed for up to 14 days. They feed slowly
up to 7 days increasing in weight from approximately 5 mg to 20-50 mg. After
the slow feeding phase, there is a transitional phase, where mating presumably
occurs and then there is a shift to fast feeding. During fast feeding or rapid
engorgement, the weight of female ticks increase significantly from
approximately 50-100 mg to over 500-1,000 mg at repletion. Depending on the
environment and conditions, the total feeding time ranges from 9-14 days (Barker
et a1., 1984).
A. ameriCal1u.m adult females have a single gonotrophic cycle in which
mating is a pre-requisite for fast feeding and oogenesis (Balashov, 1972; Oliver et
a1., 1984). Oviposition generally begins 7-9 days following repletion. Because of
the large mass of eggs produced (up to 20,000), oogenesis and oviposition
proceed asynchronously. Oviposition occurs over -16 days. During this process,
much of the body mass is resorbed and nutrients are utilized for egg production.
The female dies after completing OViposition.
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Ecdysteroid profiles have also been measured in the adult stage of several
tick species. In B. microplus, the ecdysteroid titer peaks following repletion
(Wigglesworth et al., 1985). In A. hebraeum, there is no peak in the ecdysteroid
titer but there is a consistant increase throughout feeding and oviposition
(Kaufman, 1991). In Rhipicephalus appendiculntus, the ecdysteroid titer peaks at
day 3 post engorgement and decreases gradually thereafter, but is still high at the
beginning of oviposition (Magee et al., 1996). There is currently no published
information about ecdysteroid titers in any life stage of A. americanum.
The role of ecdysteroids in salivary gland degeneration has been studied
in female A. american um and A. hebraeum (Kaufman, 1986; Kaufman, 1991;
Lindsay and Kaufman, 1988). Kaufman's group (1991) demonstrated a direct
correlation between the hemolymph ecdysteroid titer and the degree of salivary
gland degradation in A. hebraeum. These data suggest that the degeneration of
salivary glands following engorgement is triggered by an elevated concentration
of hemolymph ecdysteroid. A 14-fold increase in hemolymph ecdysteroid titer
by day 7 after engorgement has been correlated with complete loss of salivary
gland fluid secretory competence (Kaufman, 1986; Kaufman, 1991). Mao, et a1.
(1995) confirmed the existence of an ecdysteroid receptor in A. hebraeum salivary
glands, which has a high affinity for ponasterone A (kd=O.72 nM) and lower
affinity for 20-0H ecdysone (kd=60 nM), similar to ecdysteroid receptors in
insects. These data provided strong evidence that ecdysteroids regulate tick
salivary gland degeneration via ecdysteroid receptors.
Vitellogenesis and oogenesis are also events that may be regulated by
ecdysteroids in ticks (for review see Sonenshine, 1991; Oliver and Dotson, 1993).
In ticks oocyte development is divided into five stages (Balashov, 1972). In stage
I, which usually occurs in the immature ticks, primary oocytes undergo a small
amount of cytoplasmic growth. Stage II involves a great amount of cytoplasmic
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growth and is associated with the initiation of adult feeding. Stage III is
characterized by vitellogenin uptake by oocytes and yolk-body formation, the
initiation of vitellogenesis. This process continues in stage IV. In stage V, mature
oocytes are produced.
In adult females, the bloodrnea1 provides essential nutrients for
vitellogenin synthesis. In many species, mating is a prerequisite for oogenesis
and oviposition (for reviews see Oliver, 1974; Diehl et a1., 1982). The major site of
vitellogenin synthesis is believed to be fat body (Chinzei and Yano, 1985), but
there is also evidence for a vitellogenic cell in the midgut that also produces
vitellogenin (Coons, 1989). Thus, the process of digestion may be linked to the
process of vitellogenesis.
In Drosophila, pulses of ecdysteroids are associated with the major
developmental events in the life cycle (Riddiford, 1993; Thummel, 1995). A peak
of 20-0H ecdysone occurs during embryogenesis and several small peaks occur
during the three larval instars. A high titer pulse of ecdysteroids at the end of
third instar initiates the larval-pupal transition. The highest titer of ecdysteroids
occurs during pupariation, and is associated with initiation of metamorphosis.
The expression of Drosophila EcRA and EcRBI mRNA isoforms and their
corresponding proteins parallel the profile of ecdysteroid titers (Talbot et aI.,
1993), but each shows a different temporal and tissue-specific expression pattern.
The level of EcRA mRNA is high during embryogenesis and the pupal
developmental stage, whereas the level of EcRB1 mRNA is high during
embryogensis and at the larval-pupal transition. During the larval-to-adult
metamorphosis, the EcRBl isoform predominate in strictly larval tissues (except
for prothoracic glands), that undergo apopto is, whereas the EcRA isoform
predominates in the imaginal rings and imaginal discs. There is no information
about the expression of the EcRB2 isoform, which has a short 17 amino acids
59
terminus. However, these data suggest that the ratio of EcR isoforms is
important in determining the fate of particular cells or tissues.
Although we lack information about ecdysteroid titers in A. americanunl,
we wanted to examine the expression of AamEcR and AamRXR mRNAs in
processes that are likely to be regulated by ecdysteroids in immature ticks,
salivary gland differentiation during feeding and degeneration following
feeding, and in ovarian development.
Materials and Methods
Animals and tissues
Lone star ticks, Amblyomma americanum, were reared on rabbits (larvae) or
sheep (nymphs and adults) according to the methods of Patrick and Hair (1975)
at the Oklahoma State University Centralized Ticking rearing Facility.
Heterogeneous populations of larvae and nymphs were collected within 24 hours
following repletion (DO) and transferred to an incubator (Percival Scientific Inc.),
where they were maintained at 24°C, 60% relative humidity (RH) and a photo
period of 16 hours light/8 hours darkness. One half gram of larvae were
removed from the incubator every other day and quick frozen until day 15 (015)
when molting was completed in all larvae. One gram of nymphs were collected
every three days and quick frozen until day 33 (D33) when molting was
completed in all nymphs. To assess AamEcR and AamRXR expression in early
feeding stages, whole animals of adult female ticks were collected from sheep
and separated according to weight «10 mg, 10-20 mg, 25-50 mg, 50-75 mg, 75-
100 mg, and 100-125 mg). Salivary glands and ovaries were dissected from adult
ticks, which were separated according to weight and days post-feeding as shown
in Table IV, and quickly frozen and stored at -70°C until needed.
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RNA extraction
RNA was prepared from molting A. american/lm larvae and nymphs,
staged salivary glands and ovaries, and from whole adult females by the hot
phenol/ chloroform RNA extraction procedure adapted from the procedure
described by (Joett, 1986). RNA was extracted from 0.5 g of larvae, 1 g of
nymphs, or 100 mg of whole adult females, using the RAPID Total RNA Isolation
Kit (5' Prime ~ 3' Prime, INC. ®). The tissue was ground in liquid nitrogen to a
fine powder using a mortar and pestle and collected into a 50 ml polypropylene
tube. Nine ml of 4 M guanidium isothiiocyanate was added to the tube and the
tissue was further disrupted with a high speed homogenizer. The homogenized
tissue was transferred to a pre-spun Phase Lock Gel (PLG) tube and 1.0 ml of 2.0
M sodium acetate (pH 4.0), 9.0 ml of H20-saturated phenol, and 3.6 ml of
chloroform-isoamyl alcohol (49:1) were added and thoroughly mixed with the
tissue. Samples were chilled on ice for 10 minutes and the mixture was
centrifuged at 4500 x g for 5 minutes to separate the phases. The upper aqueous
phase was then transferred to a fresh pre-spun PLG tube and 5.0 ml of phenoJ-
chloroform-isoamyl alcohol (50:49:1) added and mixed by inversion. The
mixture was centrifuged again at 4500 x g for 5 minutes to separate the phases.
Five ml of phenol-chloroform-isoamyl alcohol was added and mixed with the
upper aqueous phase. The mixture was centrifuged for a third time at 4500 x g
for 5 minutes to separate the phases. The resultant aqueous phase was equally
dispensed in two RNase-free centrifuge tubes and an equal volume of 100%
isopropanol was added to each tube. After incubation at room temperature for
20-30 minutes, the mixture was centrifuged at 16,000 x g for 30 minutes. The
pellet was washed with 5 ml of 70% ethanol and re-pelleted at 16,000 x g for 5
minutes. The pellet was further washed with 100% ethanol and dried at room
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temperature. RNA was resuspended in a suitable volume of DEPC-treated
water. RNA concentrations were estimated by measuring the absorbance at 260
nm and 280 nm using Beckman DU-65 Spectrophotometer. Aliquots of 1 ~g of
total RNA were precipitated with 0.1 volume of 3.0 M sodium acetate (pH 5.2)
and 2.5 volumes of 100% ethanol and stored at -70°C.
RNA was prepared from staged salivary glands and ovaries by a hot
phenol/chloroform RNA extraction procedure, adapted from the procedure
described by (Joett, 1986). RNA was extracted from approximately 30 ovaries or
30 pairs of salivary glands from each feeding stage. The tissue was ground to a
fine powder in liquid nitrogen using a mortar and pestle and collected in a 50 ml
polypropylene tube. Ten ml of hot phenol (65°C) saturated with 0.2 M sodium
acetate (pH 5.0) was added to the tube and the tissue was further disrupted with
Brinkman homogenizer. Seven and one-half ml of 0.2 M sodium acetate (pH 5.0)
and 1 ml of 20% SDS were added and the mixture was incubated at 65°C for 5
minutes. After vortexing the solution and cooling it to room temperature, 10 ml
of chloroform was added and the solution was mixed by vortexing and
centrifuged at 14,000 x g for 5 minutes to separate the phases. The lower organic
phase was removed with a pipetter. The chloroform extraction was repeated 2-3
times until the aqueous phase was clear and the interface between the aqueous
and organic phases was minimal. The aqueous phase was then transferred to a
RNase-free centrifuge tube, and precipitated with 2.5 volumes of 100c}'0 ethanol at
-20°C overnight. To recover RNA, the precipitated RNA was centrifuged at
10,000 x g for 10 minutes, washed with 70% ethanol, dried in a vacuum
desiccater, and resuspended in DEPC-treated water. RNA concentrations were
estimated by measuring the absorbance at 260 nm and 280 nm using Beckman
DU-65 Spectrophotometer. Aliquots of 1 Ilg of total RNA, were re-precipitated
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with 0.1 volume of 3.0 M sodium acetate (pH 5.2) and 2.5 volumes of 100%
ethanol and stored at -70°C for subsequent RT-PCR reactions.
Prinler set design
To detect the AamEcR, AamRXR and actin rnRNAs, gene and isoform-
specific primers were designed based on the sequences of actin (Palmer et a1.,
unpublished results), AamEcRA1, AamEcRA2, AamEcRA3, AamRXRl and
AamRXR2 (Guo et a1., 1997; Guo et a1., 1998). Using MacVector™ 6.0, (Oxford
Molecular Ltd's Sequence Analysis Software for Macintosh) and OLIGO 4.1
(Molecular Biology Insights), a total of eighteen oligonucleotide primers were
selected. Primers were synthesized on an ABI 392 DNA/RNA synthesizer at the
Oklahoma State University Recombinant DNA/Protein Resource Facility. The
oligonucleotide primer sequences are listed in Table V. A primer set that is
corresponded to the conserved amino acids in cytoplasmic actins were designed
to amplify all actin transcripts that are encoded by members of multigene
families (Hightower and Meagher, 1986). A primer set that amplifies the EcR
common region spanning the DBD and LBO was used to detect all EcR isoforms
(Figure 6). EcR isoform-specific primers were designed to amplify the unique
sequences from the 5' regions of AamEcRA1, AamEcRA2, and AamEcRA3
mRNAs (Figure 6). Because of their extensive DNA sequence identity, gene-
specific primers were synthesized from unique sequences in the ligand binding
domains of AamRXR1 and AamRXR2 (Figure 7) (Guo et al., 1998).
RT-PCR assays
Prior to reverse transcription, total RNA was treated with DNase 1 to
eliminate DNA contamination. One j..lg of total RNA Wl're incubated at room
temperature for 15 minutes, with 20 mM Tris-HCl (pH 8.4),50 mM KCl, 2 mM
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MgC12, and 10 units of GIBCO-BRL DNase I in DEPC-treated water. One III of 25
mM EDTA was added and the reaction is incubated at 65°C for 15 minutes to
heat inactivate the residual DNase 1. The treated RNA was then subjected to
reverse transcription.
Reverse Transcription reactions were performed using SuperScript™
Preamplification System for first Strand cDNA Synthesis (GIBCO-BRL). The first
strand cDNAs were synthesized from 1 Ilg total RNA isolated from staged
salivary glands or ovaries. One Ilg of DNase I-treated RNA, 50 ng of random
hexamers, and DEPC-treated water in a total volume of 12 Ill, was incubated at
70°C for 10 minutes, and cooled on ice for 1 minute. The mixture was then
incubated at 25°C for 5 minutes in 20 mM Tris-HCl (pH 8.4),50 mM KCI, 2.5 mM
MgCb, 1 mM dNTP mix and 0.01 M DTT. Reverse transcriptase reactions were
performed with 200 units of SuperScript II reverse transcriptase and incubated at
25°C for 10 minutes, followed by incubation at 42°C for 50 minutes. The reaction
was terminated at 70°C for 15 minutes and then chilled on ice. The RNA
templates were destroyed by adding 2 units of RNase H and incubating at 37°C
for 20 minutes.
AamEcR-cammon, AamEcRA3, AamRXRl and AamRXR2 RT products
were amplified using regular PCR conditions. PCR reactions were performed in
a 50 III volume with 10 mM Tris-HCl (pH 9.0 at 25°C), 50 mM KCl, 0.1% Triton
@X-IOO, 2.5 mM MgCI21 200 mM of dNTP mix, 100 pmol of forward and reverse
AamEcR-comman, AamEcRA3, AamRXR1 or AamRXR2 primers, 2.5 units
Promega Tag DNA polymerase, and 1111/20 III of cDNA produced from reverse
transcription. The PCR reactions were performed for three minutes at 94°C, five
minutes at 80°C, followed by 30 cycles of 94°C for one minutes, 60°C for one and
a half minute, and 72°C for one minutes, followed by five minutes at 70°C and
two minutes at 30°e.
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Because the high GC contents in the 5' untranslated regions of AamEcRA1
and A2 mRNA, PCR conditons with "GC-Melt" (Clontech's Advantage-GCTM
cDNA PCR Kit) were adopted. The optimal concentration of GC-Melt was
titrated using from 0 to 1.5 M in each PCR reaction. AamEcRAl and AamEcRA2
cDNAs were amplified in a 50 III volume with 40 mM Tricine-KOH (pH 9.2 at
25C), 15 mM KOAc, 3.5 mM Mg(OAc)2, 5% Dimethyl Sulfoxide (DMSO), 3.75
mg/ml Bovine Serum Albumin (BSA), 0.5 M GC-Melt, 400 pM of dNTP mix, 200
pmol of forward and reverse AamEcRAI or A2 primers, 1111/20 III RT product
and 1111 of 50 x Advantage KlenTaq Polymerase Mix (Clontech's Advantage-
GCTM cDNA PCR Kit). The PCR reactions were performed for three minutes at
94°C, followed by 30 cycles of 94°C for one minutes, and 68°C for two minutes,
followed by five minutes at 68°C and two minutes at 20°C.
Blot hybridizations
Following RT-PCR, 20% of the PCR products were electrophoresed on
1.2% agarose gels and visualized by ethidium bromide staining. The agarose gels
were denatured in two volumes of denaturation buffer (0.5 M NaOH, 1.5 M NaCI
) twice for 30 minutes and neutralized in two volumes of neutralization buffer
(lM NH40Ac) twice for 30 minutes (Smith and Summers, 1980). The
amplification products were then transferred to nitrocellulose membrane and
fixed by UV-crosslinking.
Internal oligonucleotides specific for each RT-PCR product (see Table V)
were end-labeled with yATP32 (New England Nuclear) (Sambrook et al., 1989).
Two hundred pmol of internal oligonucleotides were incubated at 37°C for 5
minutes in a 50 III volume with 1 X Kinase buffer (70 mM Tris-HCl (pH 7.6), 10
mM MgCh and 5 mM OTT), 150 IlCi yATp32 and 8 units of T4 polymerase Kinase
(Promega). The samples were incubated at 68°C for 10 minutes. The yATP32-
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labeled oligonucleotides were loaded on Bio-Spin® 6 Chromatography
Columns(BIO-RAD) and centrifuged for 4 minutes at 1,000 X g to separate
labeled oligonucletides from uncorporated yATP32. The blots were
prehybridized overnight at 42°C in hybridization buffer (6 X SSe, 1 mM EDTA,
0.5% SDS, 0.1 mg/ml ssDNA, 1 X Denhardts). The yATP32-labeled
oligonucleotides were then added to hybridization buffer and incubated at 42°C
for 6 hours. After hybridization, blots were washed with 2 X SSe, 0.1% SDS
twice at room temperature for 30 minutes, followed by exposure to Kodak X-ray
film (Sambrook et al., 1989).
Results and Discussion
We previously isolated a cytoplasmic actin eDNA (Palmer, unpublished
results) and designed actin specific primers to assess its utility as an internal
standard in Northern blot analysis and RT-PCR. Our results indicated that while
actin mRNAs were generally abundant, there were both temporal and tissue
specific variation in the number and abundance of transcripts (Guo et aI., 1'198).
Despite these limitations, we chose to use actin primers to compare the relative
levels of actin mRNAs amplified from different stages to those amplified with
AamEcR and AamRXR primer sets. Using actin, we could assess both relative
RNA input and quality. This was particularly important when AamEcR and/or
AamRXR mRNA levels were low or absent. Because actin amplification was
usually robust, and we could determine that RNA input or quality was not a
factor in reduced levels of AamEcR and AamRXR rnRNA.
Molting larvae
To assess AamEcR and AamRXR expression during larval molting, we
collected larvae within 24 hours after repletion and stored them in an incubator
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maintained at 24°C, 60% RH with a photo period of 16 hours light/8 hours
darkness. Ticks were frozen at 2-day intervals throughout molting. To assess
their molting progress, larvae were placed under a dissecting microscope and
scored for the separation of the cuticle (apolysis), appearance of molting gel,
resorption of molting gel and the occurrence of ecdysis (Table VII).
We began to see separation of the old cuticle from epidermis in some ticks
around 04, followed by accumulation of molting gel in most by 06-8. Apolysis
was completed in most larvae by 08. Because molting gel obscures the
underlying epidermis, we did not observe changes until 012 when the extra
cuticular space cleared and the old cuticle began to separate. Ecdysis was
completed in most larvae between 012-15.
To assess AamEcR and AamRXR mRNA expression, total RNA was
prepared from molting larvae, and stored in one Ilg aliquots. RNA samples were
treated with DNase I to remove any contaminating genomic DNA, and mRNA
was reverse transcribed to eDNA with SUPERSCRIPT II reverse transcriptase
(GIBCO BRL). One-twentieth of ea.ch RT reaction was amplified with actin,
AamEcR isoform-specific (Figure 6) clnd AamRXR primer sets (Figure 7).
The data collected from molting larvae are summarized in Table VIII and
presented in Figures 16-18 and represent two day intervals. As seen in Figure
16, when EcR-common and Actin primers were used to amplify eDNA from
molting larvae, the levels of both mRNAs were low in replete larvae (DO) but
rapidly increased during molting. In contrast to actin mRNA, which remained
fairly constant after 06, EcR-common levels peaked on 06-8, around apolysis,
declined slightly by 010, and peaked again on 012. EcR-common levels
decreased sharply by 015 at ecdysis, similar to insect EcRs.
When the levels of the individual AamEcR isoform mRNAs were assessed,
a more complicated pattern emerged (Figure 17). While all three AamEcR
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isoform rnRNAs were low at DO and D1S, only AamEcRA1 paralleled the pattern
seen with AamEcR-common primers, with high levels persisting through 012.
AamEcRA2 mRNA expression overlapped AamEcRA1, but its expression lagged
behind AamEcRA1, peaking around apolysis, declining on 010 and increasing
slightly on 012. AamEcRA2 mRNA was undetectable at ecdysis. AamEcRA3
rnRNA showed the tightest regulation, with only a brief period of expression
around apolysis from D4 to 08.
Like AamEcR, AamRXR1 and AamRXR2 mRNAs were also very low in
replete larvae, and both appeared to peak during apolysis. AamRXR1 levels
were more tightly regulated, and like AamEcRA2, declined on 010, peaked again
on 012 and were undetectable at ecdysis. AamRXR2 expression was most
similar to AamEcRA1, being broadly expressed throughout molting. AamRXR2
was the predominant AamRXR expressed at ecdysis (Figure 18).
As shown in Table VIII, there was a general pattern in both AamEcR and
AamRXR expression that correlated with the molting cycle. All mRNAs peaked
at apolysis, paralleling the high titer of ecdysteroid seen in D. variabilis molting
larvae (Oees et al., 1984). Interestingly there was a decline at 010, which was
followed by another peak at 012 when the molting gel was resorbed. Ecdysis
paralleled the declining level of ecdysteroid seen in O. variabilis molting larvae
(Oees et a1., 1984). By the time ecdysis was complete on 015, the levels of all
mRNAs, except AamRXR2, were low or undetectable. This suggests that
AamRXR2 may playa role in ecdysis independent of AamEcR. The most tightly
regulated transcript was AamEcRA2, which was expressed only briefly during
apolysis, suggesting that its role is limited to events initiated at that time.
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Molting Nymphs
To assess AamEcR and AamRXR expression during nymphal molting, we
collected nymphs within 24 hours after repletion and stored them in an incubator
maintained at 24°C, 60% RH with a photo period of 16 hour light/8 hours
darkness. Aliquots were frozen at 3-day intervals throughout molting. To ass s
their molting progress, nymphs were placed under a dissecting micro cope and
scored for the separation of the cuticle, appearance of molting gel, resorption of
molting gel and the occurrence of ecdysis (Table VII). We began to see
separation of the old cuticle from epidermis in some ticks around 08, followed
by accumulation of molting gel by 09-16. Apolysis was completed in all nymphs
by 018. The molting gel was resorbed starting around 024 and ecdysis occurred
between 027-33.
Total RNA was prepared from molting nymphs, and stored in one ~tg
aliquots. As with larval samples, RNA was treated with DNase I and then
reverse transcribed as described in Materials and Methods. One-twentieth of
each RT reaction was amplified with actin, AamEcR isoform-specific and
AarnRXR primer sets.
The data collected from molting nymphs are summarized in Table IX and
presented in Figure 19-21. As seen in Figure 19, actin mRNA amplified robustly
from 00-033, while EcR-common mRNA was low or undetectable until 06. As
with larvae, there were two peaks of AamEcR mRNA during the molting cycle.
The first occurred from 06-18 during apolysis and the second around 024-27,
when molting gel was resorbed. Like larvae, when individual AamEcR isoforms
were amplified (Figure 20), AamEcRA1 appeared to have the broadest expression
pattern. Unlike larvae, there was not a lag between the expression of
AamEcRA1 and AamEcRA2 mR As, and the expression pattern of AamEcRA2
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paralleled AamEcRAl. The only exception was in the D21 sample, where
AamEcRA2 expression was significantly lower than AamEcRA1. Again, as with
larvae, AamEcRA3 was tightly regulated, with a distinct peak occurring at 09-
D12, around apolysis. Very low levels, however, were detected at other times,
using a 32P-Iabeled oligonucleotide internal to AamEcRA3 (Figure 20, panel B).
When the Aam.RXR mRNAs were amplified (Figure 21), the expression
pattern of AamRXR1 closely paralleled that of the composite AamEcR expression
pattern. AarnRXR2 expression overlapped AamRXRt but there were significant
differences on DO and D21. AarnRXR1 expression was undetectable on DO and
D21, while AamRXR2 was expressed, suggesting it is the sole AamRXR
expressed on DO and 02l.
When AamEcR and AarnRXR expression profiles are considered together,
there were three notable dips in AamEcR and AamRXR expression that occurred
around 03, 021 and 030 (see Table IX).
In our study, larval and nymphal molt of A. americanum took up to 15 and
33 days, respectively. While there is no information about ecdysteroid titers
during molting in A. americal'lum, similar studies performed in other ixodid ticks,
A. herbraelll1Z (Diehl et a1., 1982) and D. variabilis (Dees et aI., 1984) suggest that
ecdysteroid titers are low in unfed larvae, increase sharply during feeding, peak
at the early molting stage and slowly decline until the end of molting. However,
there is a notable difference in ecdysteroid levels in nymphal molting among
different species. In D. variabilis and A. variegatum (Ellis and Obenchain, 1984)
molting nymphs, ecdysteroid titers rise during feeding and remain high
throughout molting, while in A. hebraeul1Z molting nymphs, ecdysteroid titers rise
just before apolysis and peak at apolysis but decline to basal levels at the end of
molting. The high ecdysteroid titer in D. variabilis and A. variegatum molting
nymphs contrasts with insect models, where the increased ecdysteroid titers
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trigger apolysis and low titers trigger ecdysis (Thummel, 1995), while A.
hebraellm ecdysteroid titer conforms to insect models.
Our results of AarnEcR and AamRXR mRNA profiles in molting nymphs
seem to parallel the ecdysteroid profiles seen in D. varinbilis and A. variegatum,
where low ecdysteroids titers may correspond to low or absent AamEcR and
AarnRXR mRNA expression and relatively high titers of ecdysteroids may
correspond to relatively high levels of AamEcR and AamRXR mRNA expression.
An other interesting result is the restricted expression pattern of
AarnEcRA3 mRNA, which is expressed only during apolysis in both molting
larvae and nymphs. These data suggest AamEcRA3 expression is tightly
regulated during molting and may be associated with initiating events such as
the synthesis and secretion of the molting gel or the mitosis and cell division of
the underlying epidermis (Nijhout, 1994). There is a notable dip in AamEcRA2
rnRNA expression and to a lesser extent in AamEcRA1 around DID in molting
larvae and 021 in molting nymphs. This dip is also evident in AamRXRl and to
a lesser extent in AamRXR2. In some insect species, activation of molting gel and
subsequent digestion of old cuticle does not occur until late in molting cycle
(Nijhout, 1994). It is possible that this process i also linked to changing
ecdysteroid titers.
Another interesting observation is the expression of AamRXR2 mRNA
when AamRXRl and AamEcR mRNA levels are low. These data suggest that
AamRXR2 may playa role independent of AamEcR.
Salivary Glands
Salivary glands are crucial to maintaining a viable host-tick interface and
are the major organ for osmoregulation during feeding (Sauer et aI., 1986).
During slow feeding, salivary glands produce and secrete a number of products
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designed to evade host immune responses (Wikel, 1996), and prevent blood
coagulation and platelet aggregation (Ribiero, 1987). During fast feeding,
salivary gland morphology changes dramatically (Binnington, 1978; Krolak et al.,
1982; Megaw and Beadle, 1979) and the salivary gland clearly resembles a
secretory organ, proViding the major route for pumping excess fluid and ions
into the host. Cells become smaller, no longer contain secretory granules, and
the lumen enlarges considerably at repletion. Following repletion, salivary
glands undergo degeneration, ecdysteroid mediated programmed cell death
(Kaufman, 1986; Kaufman, 1991).
In insect models, apoptosis of obsolete larval tissues and their subsequent
replacement is initiated by ecdysone. Selective expression of EcR isoforms are
associated with differentiative versus apoptotic response. In some tissues, the
ratio of EcR isoforms dictates the response (Jiang et al., 1997; Talbot et aI., 1993;
Truman, 1996; Truman et al., 1994). To test the hypothesis that differential
expression of AamEcR and AamRXR may regulate differentiation and
degeneration programs in tick sahvary glands, we performed RT-PCR of salivary
gland RNA isolated throughout feeding. As shown in Table IV, we collected
glands from ticks weighing 20-50 mg (05-7),50-100 mg (07-9), 100-250 mg (010-
12),250-500 mg (012-14), >500 mg (>014) and replete ticks.
Similar to Northern blot analysis results (Guo et al., 1998), actin mRNA
levels were low in unfed salivary glands and the levels steadily increased
throughout feeding (Figure 22). AamEcR-common RNA was also very low in
unfed glands but increased dramatically in 20-50 mg tick salivary glands.
However, its level remained relatively constant thereafter (Figure 22). As shown
in Figure 23, AamEcRA1 mRNA expression steadily increased throughout
feeding as did AamEcRA3 and both mRNAs were most abundant in the fast
feeding stages. In contrast AamEcRA2 had a reciprocal expression pattern,
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where the highest levels of expression occurred in the unfed and slow feeding
stages and steadily declined during fast feeding. AamEcRA2 mRNA was absent
in replete salivary glands. This result is consistent with those obtained fr m
Northern blot analysis where AamEcRA1 and AamEcRA3 levels appeared to
increase during feeding, whereas AamEcRA2 was difficult to detect (Guo et al.,
1998).
AamRXR1 mRNA was present at fairly constant levels in both unfed and
feeding glands, with the possible exception of slow feeding, where it appeared to
decline slightly. Therefore, AamRXR1 was expressed constitutively throughout
feeding (Figure 24). In striking contrast, AamRXR2 mRNA was not detectable
during slow feeding but appeared in 50-100 mg ticks, when mating and the
transition from slow to fast feeding presumably occur. AamRXR2 mRNA levels
peaked during the fast feeding stages and remained high in salivary glands from
replete females.
These data show that AamEcRA2 and AarnRXR1 may be the predominant
mRNA isoforms expressed in the salivary glands during the early feeding stage.
This suggests that the AamEcRA2/ AamRXR1 heterodim r may predominat
during the early feeding stages, at least in some cell types. Because AamEcRA 1
and A3 are also expressed, they may playa role in controlling r gulatory circuits
important in production and secretion of products important in establi hing the
host-vector interface.
Equally as striking is the appearance of AamRXR2 mRNA during the
transition from slow to fast feeding. The appearance of AamRXR2 may signal a
major switch in alivary gland physiology from a tissue that is producing and
secreting products to one that now is transporting fluid generated during fast
feeding back to the host. Both AamEcRA1 and AamEcRA3 (but not AamEcRA2)
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mRNA levels also increase dramatically in fast feeding salivary glands,
suggesting they too may playa role in fast feeding.
Because AamRXR2 is absent in alivary gland in the early feeding stages,
we wanted to determine if AamRXR2 is al 0 absent in other ti ue during slow
feeding. Therefore, we examined the expression of AamEcRIAamRXR mRNA in
adults females weighing <10 mg, 10-20 mg, 25-50 mg, 50-75 mg, 75-100 mg and
100-125 mg.
The data collected from RT-PCR of mRNA isolated from whole animal
are summarized in Table Xl and presented in Figure 25-27. The expression of
actin and AamEcR-common was fairly constant in all stages tested (Figure 25).
When isoform specific expression of AamEcR was examined (Figure 26),
AamEcRA1 was constant while AamEcRA2 appeared to decline near the
transition phrase from slow to fast feeding. AamEcRA3 levels fluctuated and
were lower in 25-75 mg animals. However, expression of both AamRXR1 and
AamRXR2 were fairly constant throughout slow feeding (Figure 27),
demonstrating that AamRXR2 is expressed in other tissues during slow feeding.
Therefore, the absence of AamRXR2 mRNA expression in salivary glands during
the slow feeding stages is tissue-specific.
Ovaries
In many insects, adult reproduction is controlled by juvenile hormone (JH)
(for review, see Wyatt, 1997). However, in some insects ecdysteroids also playa
role in adult reproduction (for review see Hagedorn, 1985). In ticks, there has
been no definitive evidence that JH is synthesized, although they may utilize a
molecule with a similar mechanism of action (Pound and Oliver, 1979). Recent
evidence, however, suggests a positive correlation between vitellogenesis and
ecdysteroid titers in Ixodes sCflplllaris (James et al., 1997), B. microp/lls
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2(Wigglesworth et a1., 1985) and Rhipicephaltl appendiculatll (Magee et a1., 1996).
In l. scapularis and B. microplu , ecdy teroid Ie els ri e and peak at the nd of
feeding, while in R. appendiClilatus ecdysteroid titer peak 3 da po t-
engorgement, 1 day preceding oviposition. In A. hebraeum, ecd teroid level
rise during feeding and remain high until oviposition (Kaufman, 1991). inc
ecdysteroids do play an important role in ticks, we wanted to examine AamE R
an AamRXR mRNA expression in ovaries of adult female A. americalllnm.
To assess AamEcR/AamRXR expression in ovarian d velopment
throughout feeding and following repletion, we examined AamEcR and
AamRXR expre sion. As shown in Table IV, we collected ovaries from unfed
ticks and feeding ticks weighing 20-50 mg (D5-7), 50-100 mg (D7-9), 100-250 mg
(D10-12), 250-500 mg (D12-14), >500 mg (>D14) and from replete ticks from 1-2
days, 3-4 days, 4-6 days, 5-6 days to >6 days post-feeding, where oviposition
begins.
When actin primers were used to assess actin mRNA abundance in
ovaries in unfed females, feeding females, and up to 6 day post repletion, lh re
was little variation except in fast f eding and n wly r plete ovari ,where th re
was a slight down regulation (Figure 28).
fn contrast, AamEcR-common mRNA expression fluctuat d through
feeding (Figure 28). For example, while AamEcR-common was present in
ovaries dissected from unfed females, its level was low in 20-50 mg ticks and
then increased during the transitional feeding phase wh n vit llogenin synth sis
begins (Balashov, 1972; Coons, 1989). AamEcR-common I vel again declined
during fast feeding, a period when blood digestion is reduced while the tick
imbi.bes a large volume of blood. AamEcR mR A level increased again 1-2 days
post repletion when digestion and pr sumably vitellogenesis re ume (Coons,
1989). This pattern was mirrored with all three AamEcR isoforms (Figure 29) and
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both AamRXR mRNAs (Figure 30), suggesting that there i coordinate regulation
of AamEcR isoforms and the AamRXRs.
SDS-PAGE analysis of ovarian AamEcR proteins i olated from po t-
feeding ticks (Dl-6) show a dramatic change in protein profile on D4 po t-
repletion that is consistent with active uptake of vitellogenin (Guo, unpublished
results). Therefore, the increase in AamEcR and AamRXR mRNA expre sian on
D3-4 post-repletion is positively correlated with vitellogenin uptake and oocyte
maturation in preparation for oviposition.
Conclusions
Our results show that the changes in AamEcR and AamRXR mRNA
expression parallel events in the tick that are likely to be regulated by
ecdysteroids. As in insects, the regulation of different reponses to ecysteroids in
different tissues at different stages is likely to be achieved by changes in AamEcR
and AamRXR partner and/or by changes of relative ratios within AamEcR
isoforms and two AamRXRs.
In mol ting larvae, the increase of three AamEcR isoforms and two
AamRXRs parallels apolysis, and the decline of three AamEcR isoforms and
AamRXR1 occurs at ecdysis. AamRXR2, which level remains high at ecdysis,
may playa specific role in ecdysis that is independent of AamEcR. In molting
nymphs, the increase of three AamEcR isoforms and two AamRXRs also parallels
apolysis. However, there is no decline of AamEcR and AamRXR mRNAs at
ecdysis, suggesting there is a fundamental difference between larval and
nymphal ecdysis as seen in D. variabilis (Dees et a1., 1984) and A. variegatum (Ellis
and Obenchain, 1984). The tightly regulated expression of AamEcRA3 only
during apalysis in both molting larvae and nymphs suggests that its roles is
limited to events that occur during apolysis.
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In the alivary glands, AamEcRA2 and AamEcRAl and A3 ha e reciprocal
expre sian patterns with high levels of AamEcRA2 in the unfed and slow f ding
stages. Another striking feature is the onset of AamRXR2 pre ion during the
transitional phase from slow to fast feeding, while AamRXRl is e pr s ed
constitutively throughout feeding. These suggest that salivary gland
differentiation and degeneration may be regulated by changes in the ratios of the
three AamEcR isoforms at different feeding stages and the change from
AamRXRl to AamRXR2 partner, in some cell types during fast feeding.
In ovaries, AamEcR and AamRXR have similar expre ion patterns, in
which the declining expre sian level correlate with reduced digestion and
perhap with the onset of vitellogenesis at the fast feeding stage and increasing
expression levels correlate with active vitellogenin uptake post- ngorgement in
preparation for ovipostion.
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Figure 1. Structural organization of nuclear hormone receptors.
The receptors can be divided into six domains. The amino- terminal domain AlB is involved in transcriptional activation. The DNA-
binding domain (C) is comprise of two zinc-fingers, each of which is coordinated with a zinc atom and four cysteine residues. The
asterisks (*) at the C-terminus of the first zinc-finger denote for P box and asterisks at the N-terminus of the second zinc-finger
denote the D box. The DNA-binding domain binds to sequences in target genes called hormone response elements (HREs).
The Ligand-binding domain (E) binds ligand and participates in dimerization, nuclear translocation, and ligand-dependent
transcriptional activation. The D domain provides a hinge between the DNA and ligand binding domains. The function of the C-
terminal F domain, found in some nuclear receptors, is unknown.
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Figure 2. Classification of the six subfamilies comprising the nuclear receptor superfamily
(Laudet,1997).
Homo = human, Mus = mouse, Gallus = chicken, Drosophila = fruit fly, Schistosoma =
flatworm, hydra = cnidarian.
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Figure 3. Schematic representation of the cDNAs of the three A. americanum EcR isoforms (AamEcR). Regions of the isoforms containing
regions corresponding to the unique N-termini (NB) or the common regions are bracketed. Striped boxes indicate unique regions of
the N-termini, shaded boxes indicate the shared regions in the N-termini of AamEcRA 1 and AamEcRA2, and unshaded boxs indicate
the common region containing the DNA (OBO), ligand (LBD) binding domain and hinge region (H),
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Figure 4. Schematic representation of A. americanum RXR1 and RXR2 cDNAs (AamRXR1 and AamRXR2).
NB =amino-terminal domain; DBD =DNA-binding domain; H =hinge domain; LBO = ligand binding domain.
Numbers within the AamRXR2 domains indicate the percent identity between Aam RXR1 and AamRXR2.
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Figure 5. Unusual Features of the AamRXR Ligand Binding Domains.
Panel A: several amino acid substitutions in the AamRXR LBDs compared to murine RXRa (mRXRa) that are proposed to
contact 9-cis retinoic acid. The small numbers indicate amino acid positions in the mRXRa sequence.
Panel B: alignment of the nine amino acids comprising the AF-2 domain of AamRXR1, AamRXR2, mRXRa,
Drosophila USP (DmUSP).
Panel C: Cluster W alignment (Higgins and Sharp, 1989) of the amino acids comprising helix 9 of AamRXR1, AamRXR2,
murine RXRa, and Drosophila USP LBDs. Identical amino acids are boxed.
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SUBPHYLLUM SPECIES ACCESSION % IDENTITY
ORDER NUMBER
DBD LBD
AF020186
Chelicerate AamEcR AF020187 100 100
AF020188
Dipteran AaEcR U02021 86 61
CtEcR S60739 88 55
DmEcR M74078 86 61
Lepidopteran BmEcR L35266 88 57
OJ MsEcR U19826 88 57
OJ
Coleopteran TmEcR Y11533 98 63
Table I. Percentage of identity of the predicted amino acid sequences of A. americanum EcR to insect USPs.
AaEcR =Aedes aegypti EcR; AamEcR =Amblyomma americanum EcR; BmEcR =Bombyx mori EcR; CtEcR =Chironomus tentans EcR;
DmEcR =Drosophila melanogaster EcR; MsEcR =Manduca sexta EcR: TmEcR =Tenebrio molitor EcR. DBD =DNA-binding domain;
LBO = Ligand-binding domain.
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ex>
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USP/RXR % IDENTITY
DBD LBO
AamRXR1 AamRXR2 AamRXR1 AamRXR2
DmUSP 95 92 50 46
BmUSP 91 94 43 37
mRXRa 86 82 70 70
Table II. Percentage of identity of the predicted amino acid sequences of A. americanum RXR1 (AamRXR1, AF035537) and RXR2 (AamRXR2,
AF035578) to Drosophila melanogaster USP (DmUSP, X52591), Bombyx mori USP (BmUSP, U06073). and murine RXRa (mRXRa,
X66223). DBD =DNA-binding domain; LBD =Ligand-binding domain.
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Table III. Nomenclature for ixodid salivary gland cell types*
Author Binnington (1978) Krolak et al. (1982)
species Boophilus microplus Amblyomma americanum
method Light microscopy Electron microscopy and Light microscopy
Acinus I Acinus I Acinus I
Acinus II a densely stained cells with complex granules
b densely stained cells with simple granules
C1 lightly stained granular cells
(D
0 C2
C3
C4
epithelial cells epithelial cells
Acinus III d densely stained cells with complex granules
e densely stained cells with simple granules
f lightly stained granular cells
• Please note that interpretations of the number of granular cell types in type II and III acini differ considerably
between Binnington (1978) and Krolak et al. (1982). Studies performed by Megaw and Beadle (1979) in B.
microplu5 using EM concur with Krolak et al. (1982) .
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Table IV. Classification of stages of salivary glands and ovaries according to the
weight of partially fed ticks and days following repletion of fed ticks
(,()
unfed ticks
partially fed ticks
replete ticks
Weight (mg)
20-50
50-100
100-250
250-500
>500
Day of Feeding*
o
5-7
7-9
10-12
12-14
>12
Day following repletion **
1-2
3-4
4-6
5-6
>6
* Ovaries and salivary glands ** Ovaries only
Table V. Gene-specific primers for amplification of A. americanum EcR, RXR
and actin mRNAs
Gene Forward Primers Reverse Primers
AamEcR-common
AamEcRAl
AamEcRA2
AamEcRA3
c.o AamRXRl
f\)
AamRXR2
Actin
EcR-Mimic
RXRI-Mimic
CGTCTCAAGAAGTGCCTCAGC
GGATAGCGTGCTGTGTTGTGCGTTTGC
TGGGATTAGCGAAGGCAGGCTTTGCGTC
ACCACCCCGGATACGAGGAC
CAGTGAGGTGGAAAGCACTAG
CTGCTTATTGCCGCCTTTTC
CGCAGATGATGTTTGAGACC
CGTCTCAAGAAGTGCCTCAGC
CAAGTTTCGTGAGCTGATTG
CAGTGAGGTGGAAAGCACTAG
CAAGTTTCGTGAGCTGATTG
GCGGTAGTTGTCCCTCGTGTA
ATCTGGGACGACGGCGACGAGATCCAC
CGTTCATCACGTTTGGCAGCGACGAAGATG
CGGCACTCCTGGCACTTG
TGTCCCCGATGAGCTTGAAG
TGTCCCCGATGAGCTTGAAG
GGGCGGTGATTTCCTTCTGC
GCGGTAGTTGTCCCTCGTGTA
ATTTGATTCTGGACCATGGC
TGTCCCCGATGAGCTTGAAG
TCTGTCAATGCAGTTTGTAG
Table VI. Data for primer sets for PCR amplification of actin, AamEcR and AamRXR
Gene Primer Set Primer Size GC content (%) Tm (OC) Size of Product Internal Primer
AamEcR-common 1792 (F)* 21 57.1 66.0 623 2045
(DBD-LBD) 1791 (R)** 21 57.1 66.0
AamEcRA1 3201 (F) 27 55.6 79.3 530 2831
3200 (R) 27 59.3 83.0
AamEcRA2 3132 (F) 28 57.1 81.0 428 2021
3133 (R) 30 53.3 81.0
AamEcRA3 2285 (F) 20 65.0 69.9 348 1907
1878 (R) 18 66.7 67.0
ill AamRXR1 1511 (F) 20 55.0 62.0 665 2336
w 1595 (R) 21 52.4 64.0
AamRXR2 2830 (F) 20 50.0 60.0 412 3487
1595 (R) 21 52.4 64.0
Actin 1333 (F) 20 50.0 60.0 660 1408
1334 (R) 20 60.0 64.0
* F =Forward primer
** R = Reverse primer
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Figure 6. Schematic representation of the cDNAs of the three AamEcR isoforms and locations of the corresponding primer sets. Blocks
represent the open reading frames. Striped boxes indicate unique N-termini, dark shaded boxes indicate the shared regions
between AamEcRA1 and AamEcRA2, and unshaded boxes indicate the common region containing the DNA binding domain
(DBD), hinge region (H) and ligand binding domain (LBO) binding domain. Arrows denote the locations of common region
(1792-1791), AamEcRA1-specific (3201-3200), AamEcRA2-specific (3132-3133) and AamEcRA3-specific (2285-1878)
primers.
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Figure 7. Schematic representation of AamRXR1 and AamRXR2 cDNAs and the locations of the corresponding primer sets.
AlB =amino-terminal domain; DBD =DNA binding domain; H =hinge domain; LBD:: ligand binding domain. Arrows
denote the locations of AamRXR1-specific (1511-1595) and AamRXR2-specific (2830-1595) primers.
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Figure 8. Deduced AamEcR intron/exon structure from genomic DNA amplification.
Putative intron positions (1-1. 1-2. 1-3,2.3, and 4) were deduced from AamEcR cDNA sequences where cDNAs clearly diverged.
Putative introns (5, 6, 7, 8) were inferred from known Intron positions in D. melanogaster (6,7, and 8) or M. Sexta ( 5,6,7) EcR genes.
Dashed X over arrow for intron 5 indicates that we did not find evidence for that intron. The sizes of the amplified products from the
cDNA (RT-PCR) or genomic DNA are indicated .
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Figure 9. Amplification products of AamEcRA1 and AamEcRA2 cDNAs using standard PCR conditions.
100ng of AamEcRA1, AamEcRA2, AamRXR1 and AamRXR2 cloned cDNAs were amplified using standard PCR
conditions. Amplification of AamRXR1 (lane 3, 412 bp) and AamRXR2 (lane 4,665 bp) cDNAs produced products of
the expected size. The AamEcRA1 cDNA product was approximately 1 kb larger than predicted (lane 2, 561 bp),
while there was no product amplified with the AamEcRA2 cDNA (lane 1).
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Figure 10. Comparision of AamEcR and AamRXR amplication products from genomic DNAs and cDNAs.
c = eDNA, g = genomic DNA.
Panel A: Three primers were used to test for the presence of putative introns (6,7,8,) in the AamEcR LBD. Lane 1, 2 (1792/1791),
introns 6, 7, 8; lane 3 (3233/1791), introns 7, 8 and lane 4 (1421/1791), intron 8.
Panel B: The primer set (2024/1878) was used to test genomic DNA for the presence of a putative intron in the AamEcR DBD.
The product size was same as the predicted size from eDNA sequence (217 bp).
Panel C: cDNAs and genomic DNAs were amplified in parallel with AamEeR isoform and AamRXR-speeific-primer set to test for introns.
Lane 1, 2. AamEcRA1 (3201-3200); lane 3, 4, AamEcRA2 (3132-3133): lane 5. 6, AamEcRA3 (2285-1878), lane 7, 8, AamRXR1
(1511-1595) and lane 9,10, AamRXR2 (2830-1595).
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Figure 11. No reverse transcriptase and DNase I controls for RT-PCR.
One fJ.Q of total RNA from ovaries (250-500 mg and 5-6 day post-repletion) was reverse transcribed under the
following conditions: no DNase I treatment and no reverse transcriptase (lane 1, 4); DNase I treatment and no
reverse transcriptase (lane 2, 5); DNase I treatment and reverse transcriptase (lane 3, 6). Only samples
containing reverse transcriptase produced an actin-specific band of the predicted size, demonstrating the products
were derived from RNA and not from genomic DNA contaminants.
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Figure 12. Construction of PCR Mimics. The PCR Mimics were constructed in a two-round PCR
reaction. In the first round, two composite primers were used, which contained the
target gene primer sequence attached to a 20-nucleotide sequence of the neutral DNA
fragment (BamHI/EcoR I fragment of v-erbB) provided in the PCR MIMICTM Construction
Kit (Clontech). In the second round, a dilution of the first PCR reaction product was
amplified directly using the target gene primer sets. The resulting PCR Mimics were
neutral DNA fragments with target gene-specific primer sequences attached to both
ends.
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Titration of the PCR Mimic for competitive amplification of the AamEcR common region. One).11 of a series of ten-fold
dilutions of peR Mimic for AamEcR-common region were co-amplified with 1/20 ~t1 of AamEcR cDNAs produced
from reverse transcription of 1).1g total RNA from salivary gland (250-500 mg). The amount of PCR Mimic fhat is
equivalent to the EcR-common specific product is approximately 0.1 amol (indicated by arrow).
Salivary Glands
AamEcR Common AamRXR1
I\.) ~ I\.)
:3 c N U1 a U1 v (i) :3 c U1 0 U1 (i)
Q.l :J 0 ? ? 0 U1 ::J Q.l ::J I\.) ? 0 0 V ::J, U a u
-, ro , --" I\.) U1 0 ro CD ..... ro -" r\) in
U1 ro CD~ U1 "?' in 0 (0
CD 0.- 0 0 U1 0 0 CD
(0 CD 0.- 0 U1 0 0 CD
..... -, 0 0 a -, a 0 0 0
0
f\)
- -
AamEcR common - --"
..-
-
AamAXA1
EcR Mimic . - ~ "_.~ RXR Mimic
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Figure 14. Competitive RT-PCR of A. GmeriCall/lfll nuclear receptors using Mimic DNAs. The expression of AamEcR-common
and AamRXR1 mRNA in salivary glands of different weights during feeding were examined. The concentration of Mimic
DNA was 0.2 amol for AamEcR-eommon and 0.1 amol for AamRXR1. Following peR, the products were
electrophoresed on a 1.2% agarose gel and visualized by ethidium bromide staining. AamEcR-common (623 bp);
AamEcR-Mimic (426 bp); of AamRXR1 (665 bp); AamRXR1-Mimic (321 bp).
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Figure 15. Competitive RT-PCR of A. alllericallll/ll nuclear receptors using Mimic DNAs. The expression of AamEcR-common
and AamRXR1 mRNA in ovaries during feeding and post repletion were examined. The concentration of Mimic DNA
was 0.2 atmol for AamEcR-eommon and 0.1 amol for AamRXR1. Following PCR, the products were electrophoresed on
1.2% agarose gel and visualized by ethidium bromide staining. AamEcR-common (623 bp); AamEcR-Mimic (426 bp);
AamRXR1 (665 bp); AamRXR1-Mimic (321 bp).
Table VII. The events associated with the molting process in larvae and nymphs
o
~
Events
Repletion
Apolysis: Separation of cuticle
The appearance of molting gel
Molting gel resorption
Ecdysis
Larvae
DO
04
06
010*
012-15
Nymphs
DO
08
09
024*
027-33
* The process of molting gel accumulation is asynchronous in tick population.
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Figure 16. The expression of AamEcR-common and Actin mRNAs in molting larvae of A. americanum. AamEcR-common
and Actin mRNA RT-peR products were electrophoresed on 1.2% agarose gels, visualized by ethidium
bromide staining (Panel A, left and right), and hybridized with an AamEcR common or an Actin-specific internal
oligonucleotide (Panel B, left and right). Single products of 623 bp (AamEcR-common) and 660 bp (Actin)
were detected. D =Day post-feeding from repletion (DO) through ecdysis (D15).
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Figure 17. The expression of AamEcR isoform-specific mRNAs in molting larvae of A. americanum. Three AamEcR isoform specific RT-
peR products were electrophoresed on 1.2% agarose gels, visualized by ethidium bromide staining (Panel A, left, middle and
right), and hybridized with an AamEcRA1, AamEcRA2 or AamEcRA3-specific internal oligonucleotide (Panel B, left, middle and
right). Single products of 530 bp (AamEcRA1), 428 bp (AamEcRA2) and 348 bp (AamEcRA3) were detected. D =Day post-
feeding from repletion (DO) through ecdysis (D15).
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Figure 18. The expression of AamRXR 1 and AamRXR2 mRNAs in molting larvae of A. americanum. AamRXR1 and AamRXR2 mRNA
RT-peR products were electrophoresed on 1.2% agarose gels, visualized by ethidium bromide staining (Panel A, left and
right), and hybridized with an AamRXR1 or an AamRXR2-specific internal oligonucleotide (Panel B, left and right). Single
products of 665 bp (AamRXR 1) and 412 bp (AamRXR2) were detected. 0 =Day post-feeding from repletion (DO) through
ecdysis (015)
DO 02
apolysis
I I
D4 06 08 010
ecdysis
I I
012 015
Actin + ++ ++ +++ +++ +++ +++ +++
AamEcR-common +/- ++ ++ +++ +++ ++ +++ +
AamEcRA1 +/- ++ ++ +++ +++ ++ +++ +
AamEcRA2 - +/- ++ +++ +++ ++ +++
-"
0
+/- +co AamEcRA3 ++ +++ ++++ ++++ ++ +++
AamRXR1 - + + +++ +++ + ++ +/-
AamRXR2 +/- + ++ +++ +++ ++ +++ ++
Table VIII. Relative levels of AamEcR, AamRXR and actin mRNAs in molting A. americanum larvae.
The symbol "." and "++++" stand for the lowest and highest expression levels for a given primer set, respectively.
Amplification levels of different primer sets are not directly comparable.
Molting Nymphs
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Figure 19. The expression of AamEcR-common and Actin mRNAs in molting nymphs of A. americanum. AamEcR-common and
Actin mRNA RT-PCR products were electrophoresed on 1.2% agarose gels, visualized by ethidium bromide staining
(Panel A, left and right), and hybridized with an AamEcR-common or an Actin-specific internal oligonucleotide (Panel B,
left and right). Single products of 623 bp (AamEcR-common) and 660 bp (Actin) were detected. D =Day post-feeding
from repletion (DO) through ecdysis (D33).
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Figure 20. The expression of AamEcR isoform-specific mRNAs in molting nymphs of A. americanum. Three AamEcR isoform-specific RT-
PCR products were electrophoresed on 1.2% agarose gels, visualized by ethidium bromide staining (Panel A, left, middle and
right), and hybridized with an AamEcRA 1, AamEcRA2 or AamEcRA3-specific internal oligonucleotide (Panel B, left, middle and
right). Major product of 530 bp for AamEcRA1, 428 bp for AamEcRA2 and 348 bp for AamEcRA3 were detected. D; Day post-
feeding from repletion (DO) through ecdysis (D33).
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Figure 21. The expression of AamRXR1 and AamRXR2 mRNAs in molting nymphs of A. americanum. AamRXR1 and
AamRXR2 mRNA RT-PCR products were electrophoresed on 1.2% agarose gels, visualized by ethidium
bromide staining (Panel A. left and right), and hybridized with an AamRXR1 or an AamRXR2-specific internal
oligonucleotide (Panel B, left and right). Single products of 665 bp (AamRXR 1) and 412 bp (AamRXR2) were
detected. D:::: Day post-feeding from repletion (DO) through ecdysis (D33).
DO D3 D6
apolysis
I I
D9 D12 D15 D18 D21 D24
ecdysis
I -,
D27 D30 D33
Actin ++ + ++ +++ +++ +++ +++ +++ +++ +++ +++ +++
AamEcR-common +/- - +++ +++ +++ +++ +++ + +++ +++ + ++
AamEcRA1 + +/- ++ +++ +++ ++ ++ + +++ ++ + ++
AamEcRA2 +/- - ++ +++ +++ ++ ++ + +++ +++ ++ +++
......
I\) AamEcRA3 +/- - +/- ++ ++ + - - - + + +
AamRXR1 - - ++ +++ ++ ++ + +/- ++ +++ + ++
AamRXR2 ++ - +++ ++++ ++++ +++ +++ + +++ ++ + ++
Table IX. Relative levels of AamEcR, AamRXR and actin mRNAs in molting A. americanum nymphs.
The symbol "-" and "++++" stand for the lowest and highest expression levels for a given primer set, respectively.
Amplification levels of different primer sets are not directly comparable.
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Figure 22. The expression of AamEcR-common and Actin mRNAs in Salivary glands from A. americanum of different weights
during feeding. AamEcR-common and Actin RT-peR products were electrophoresed on 1.2% agarose gels,
visualized by ethidium bromide staining (Panel A, left and right), and hybridized with an AamEcR-common or an
Actin-specific internal oligonucleotide (Panel 8, left and right). Single products of 623 bp (AamEcR common) and
660 bp (Actin) were detected.
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Figure 23. The expression of AamEcR isoform-specific mRNAs in Salivary glands from A. americanum of different weights during feeding.
Three AamEcR isoform specific RT-PCR products were electrophoresed on 1.2% agarose gels, visualized by ethidium
bromide staining (Panel A, left, middle and right). and hybridized with an AamEcRA1, AamEcRA2 or AamEcRA3-specific internal
oligonucleotide (Panel S, left, middle and right). Major products of 530 bp (AamEcRA1), 428 bp (AamEcRA2) and 348 bp
(AamEcRA3) were detected. Please note an additional product of 700 bp in AamEcRA1 lanes. This product is a AamEcRA1-
specific as evidenced by its hybridization to an internal oligonecleotide. It likely results from secondary structure present in the
GC-rich 5' region of AamEcRA 1.
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Figure 24. The expression of AamRXR1 and AamRXR2 mRNAs in Salivary glands from A. americanum of different weights
during feeding. AamRXR1 and AamRXR2 RT-PCR products were electrophoresed on 1.2% agarose gels,
visualized by ethidium bromide staining (Panel A). and hybridized with an AamRXR 1 or an AamRXR2-specific
internal oligonucleotide (Panel B and C). Single products of 665 bp for AamRXR1 and 412 bp for AamRXR2
were detected.
unfed 20-50
mg
50-100
mg
100-250
mg
250-500
mg
>500
mg
replete
Actin + ++ ++ ++ +++ ++++ ++++
AamEcR-common +/- +++ +++ ++ +++ +++ +++
AamEcRA1 + ++ ++ ++ +++ ++++ ++++
AamEcRA2 ++ ++ + + + +
AamEcRA3 - + + + ++ ++ +++
......
(J)
AamRXR1 ++ + ++ ++ ++ ++ ++
AamRXR2 - - +/- + +++ +++ +++
Table X. Relative levels of AamEcR, AamRXR and actin mRNAs in A. americanum salivary glands during feeding.
The symbol "-" and "++++" stand for the lowest and highest expression levels for a given primer set, respectively.
Amplification levels of different primer sets are not directly comparable.
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Figure 25. The expression of AamEcR-common and Actin mRNAs from whole animal A. americanum of different weights during
feeding. AamEcR-common and Actin RT-peR products were electrophorese d on 1.2% agarose gels, visualized by
ethidium bromide staining (Panel A, left and right), and hybridized with an AamEcR-common or an Actin-specific internal
oligonucleotide (Panel S, left and right). Single products of 623 bp (AamEcR common) and 660 bp (Actin) were detected.
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Figure 26. The expression of AamEcR isoform-specific mRNAs from whole animal A. americanum of different weights during feeding.
Three AamEcR isoform specific RT-peR products were electrophoresed on 1.2% agarose gels, visualized by ethidium
bromide staining (Panel A, left, middle and right), and hybridized with an AamEcRA1, AamEcRA2 or AamEcRA3-specific internal
oligonucleotide (Panel B, left, middle and right). Single products of 530 bp (AamEcRA1),428 bp (AamEcRA2) and 348 bp
(AamEcRA3)were detected.
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Figure 27. The expression of AamRXR1 and AamRXR2 mRNAs from whole animal A. americanum of different weights during feeding.
AamRXR1 and AamRXR2 RT-PCR products were electrophoresed on 1.2% agarose gels, visualized by ethidium bromide
staining (Panel A). and hybridized with an AamRXR1 (Panel B) or an AamRXR2-specific internal oligonucleotide (Panel C).
Major products of 665 bp (AamRXR1) and 412 bp ( AamRXR2) were detected.
<10
mg
10-20
mg
25-50
mg
50-75
mg
75-100
mg
100-125
mg
Actin + + + + + +
AamEcR-common + + + + + +
AamEcRA1 + + + + + +
AamEcRA2 ++ ++ + + ++ +
AamEcRA3 +++ +++ +++ ++ +++ +
--'"
I\)
0
AamRXR1 ++ ++ + + + +
AamRXR2 + + + + + +
Table XI. Relative levels of AamEcR, AamRXR and actin mRNAs from whole A. americanum during early feeding.
The symbol "-" and "+++" stand for the lowest and highest expression levels for a given primer set, respectively.
Amplification levels of different primer sets are not directly comparable.
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Figure 28. The expression of AamEcR-common and Actin mRNAs in ovaries from A. americanum of different weights during feeding
and days following repletion, AamEcR-common and Actin RT-peR products were electrophoresed on 1.2% agarose
gels, visualized by ethidium bromide staining (Panel A, left and right), and hybridized with an AamEcR-common or an
Actin-specific internal oligonucleotide (Panel S, left and right). Single product of 623 bp (AamEcR common) and 660 bp (
(Actin) were detected,
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Figure 29. The expression of AamEcR isoform-specific mRNAs in ovaries from A. americanum of different weights during feeding and days
following repletion. Three AamEcR isoform specific RT-PCR products were electrophoresed on 1.2% agarose gels, visualized
by ethidium bromide staining (Panel A, left, middle and right), and hybridized with an AamEcRA1, AamEcRA2 or AamEcRA3-
specific internal oligonucleotide (Panel B, left, middle and right). Single products of 530 bp (AamEcRA1). 428 bp (AamEcRA2)
and 348 bp (AamEcRA3) were detected.
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Figure 30. The expression of AamRXR1 and AamRXR2 in ovaries from A. americanum of different weights during feeding and days
following repletion. AamRXR1 and AamRXR2 products were electrophoresed on 1.2% agarose gels, visualized by
ethidium bromide staining (Panel A, lett and right), and hybridized with an AamRXR1 or an AamRXR2-specific internal
oligonucleotide (Panel S, left and right). Single products of 665 bp (AamRXR1) and 412 bp (AamRXR2) were detected.
unfed 20-50 50-100 100·250 250-500 >500 1-2 3-4 4-6 5-6 >6
mg mg mg mg mg days days days days days
Actin +++ ++ +++ +++ + + ++ ++ +++ +++ +++
AamEcR-common +++ + +++ +++ + + ++ ++ ++ +++ +++
AamEcRA1 +++ + +++ +++ + + ++ +++ +++ +++ +++
AamEcRA2 +++ + +++ +++ + ++ ++ +++ +++ +++ +++
AamEcRA3 +++ - + + - +/- +/- + ++ +++ ++
......
f\)
.j::>.
AamRXR1 ++ +/- ++ ++ +/- +/- + ++ ++ +++ +++
AamRXR2 +++ + +++ +++ + + + ++ ++ +++ +++
Table XII. Relative levels of AamEcR, AamRXR and actin mRNAs in A. americanum ovaries during feeding and oviposition.
The symbol "-" and "+++" stand for the lowest and highest expression levels for a given primer set, respectively.
Amplification levels of diHerent primer sets are not directly comparable.
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